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Abstract 
 
Haptics provides a sense of touch for virtual and/or remote environments. At the 
outset, haptic applications such as tele-operation require a high rate of sample transfer 
between a master and a slave device connected via a loosely-coupled packet-switched IP 
network. Hence, techniques for data reduction and compression are necessary to 
overcome the varying time-delay constraint. These techniques are even more vital when 
a high-rate (1 kHz) low-volume (order of 100 Bytes) signals such as force and motion are 
combined with low-rate (60Hz) high volume (order of 100 Megabytes) data such as video 
and audio streams in tele-presence applications. Furthermore, as the degrees of freedom 
increase in haptic systems, the complexity of the model and the size of data will 
drastically increase. Nevertheless, similar challenges exist in offline and rendering 
applications where a large amount of data must be stored and manipulated. Although 
data compression methods for image and audio data have been standardized for many 
years, there is still no common-agreement for such standardisation in haptics 
applications. These facts have encouraged researchers in the robotics and haptics 
communities to propose new methods for the reduction of the data to be transferred 
between the human operator and the remote robot or virtual environment.  
The main approaches to solve this problem have been focused on perceptual and 
prediction analysis of haptic data. Through perceptual analysis, researchers exploit the 
psychophysical limitation of the human touch sensory system to eliminate unperceivable 
force, velocity, and position data samples prior to transmission. Moreover, in prediction 
analysis, researchers have applied general interpolation and extrapolation techniques 
instead of the simple hold-last-sample method to predict the omitted data or lost packets 
over the communication network channel. While recent work on the perceptual analysis 
of haptic data has extended the technique for single and multiple degrees of freedom, 
there still exist areas for improvement in the data reduction ratio. This suggests that the 
effects of the dynamic parameters such as velocity and acceleration on the force dead-
band analysis require further investigation. Moreover, haptic applications do not have a 
recommended data transmission protocol as this field is in development. Finally, 
although some sporadic architectures have been proposed for different stages of haptic 
data compression, no immersive framework has been presented to be used as a basis for 
remote haptic tele-operation.  
ii | Abstract 
 
This thesis presents an adjustable and flexible framework for haptic data 
compression and transmission that can be used in teleoperation. The framework 
contains a customized transmission control protocol, several dynamically adaptive 
perceptual and prediction methods for haptic sample reduction, and lastly, an 
architecture for the data flow. Firstly, an event-driven transmission control protocol 
suitable for haptic teleoperation has been developed, tested, and the results have been 
verified in an industrial network simulation framework. In addition, the psychophysical 
characteristics of haptic data were used along with prediction and coding techniques. 
Finally, experimental work with the participation of human subjects was designed to 
validate the performance of each stage in the proposed framework, as well as the 
functionality of the system. The outcomes of this study have been published in the 
relevant events and journals. 
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Chapter 1 
1. Introduction 
Through the word “Haptic”, scientists and researchers refer to the science of 
manipulating an object and its external environment through a human’s (or machine’s) 
touch sensory system [7]. In other words, it explains how to touch an object and how 
does the associated reflecting sensory system work [8]. Haptic is a branch of robotics 
which deals with force-feedback and the simulation of the touch sensory system. 
Researchers in this field usually develop, test, and refine devices for force-feedback and 
also develop software that enables users to feel (“touch”) and manipulate virtual objects 
or real objects remotely. In such operations, an object’s features such as shape 
(dimensions), weight, surface texture, and even temperature are studied, analysed, and 
replayed. In this study, the human, machine, and or mixture of both may “touch” the 
objects and or surrounding environment. The objects and environments can be real, 
virtual, or mixed of both as well. Also, other senses such as visual or auditory may 
accompany the haptic operation. There are many areas in science and technologies such 
as mechanics, mechatronics, psychology, neurophysiology, control, and computer used 
in haptics to investigate the human touch and its associated reflection with the 
surrounding environment.  
Among the human senses, touch is the only bilateral sense. That means, it 
enables the human to both apply (send) and feel (receive) the stimuli (force, movement, 
and information) in contact with an object. This is known as “active touch”. In all other 
senses including vision, auditory, smell and taste are referred to as called “passive” 
senses. In this case, the human only receives the information from the external world. 
For example, whenever someone wants to manipulate an object such as pressing a key 
on the keyboard, the applying force depends smoothly and transparently with the 
amount of the feedback force reflected by the spring under the key of the user’s finger. 
The relationship between the applied force and felt force is rapidly calculated by the 
human’s brain and neuro-system, so they are able to reduce and finally stop applying the 
force to release the key. In addition, to sense an object’s shape, one should physically 
grab and manipulate the object and run his/her fingers all across the object’s surface to 
build an image of the object in his/her mind.  
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Multidisciplinary research of haptics, which is rapidly emerging is organized into 
four categories [7]: human, machine, computer, and multimedia haptics. Human haptics 
is the study of human kinesthetic, for the manipulation of objects and human tactile for 
touching them. Human haptics based on this definition lies in the physiological and 
neurological research category and is beyond the scope of this thesis. 
Machine haptics mainly refers to designing and developing haptic interface or 
display devices. These mechanical devices are typically used to replace human touch. To 
exchange (i.e. measurement and display) kinesthetic and tactile information with the 
human, haptic interface or display devices should be in physical contact with the human 
skin. According to the aforementioned definition, haptic interfaces have two main 
functions: measuring the position and/or force stimuli of the contact point with the 
human body, and synchronously displaying the computed information (the position or 
force) back to the human. Synchronization means the concurrency between the time and 
space coordinates of display. Therefore, the concept of so called “force-feedback” in 
haptics applications is raised here. The majority of force-feedback devices measure the 
position of the end-effector and exert (display) the appropriate force to the user at a 
single point of contact. 
Computer haptics is defined as algorithms and software developed to render and 
simulate the “touch” of objects and environments within a virtual environment. This 
category consists of two main sub-categories that work in tight combination: haptic 
rendering and visual rendering. Haptic rendering is the central part of any haptic 
application, deals with contact detection and its response calculation. Through contact 
detection, a computer program module is responsible to determine the time and 
coordination of a collision between the end-effector and the virtual object’s surface. The 
response calculation, however, refers to the task of another module to evaluate the 
amount and direction of force (or torque) in contact time to be displayed to the user. This 
calculation, which is by definition known as visual rendering, is typically based on the 
mathematical and mechanical model of both the object and the environment. The model 
may include the shape, the stiffness, and the texture.   
Multimedia haptics refers to the integration of other sensory information such 
as audio, video, and text to the haptic (kinesthetic and tactile) information according to 
the time and the physical coordination in a multimedia system. As a result, multimedia 
haptics needs a higher data rate and hence higher bandwidth in online applications. 
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Gesture recognition, virtual reality gamification, and tactile sensing are some well-known 
applications of multimedia haptics. 
Haptic interface devices are the points of human-machine interface in any sort 
of haptic applications. The haptic interface device operated in the master side of a haptic 
application is called impedance device which measures the position applied by the 
subject, and exerts the received force from the slave back to the user. On the slave side, 
the haptic interface device is called admittance device which displays the position of the 
end-effector and measures the force applied back by the object or the environment to 
transfer back to the master. Haptic interfaces or haptic display devices can be identified 
as the basic small robots. Because they are used to exchange movement and energy with 
human. 
As a hardware peripheral device, a haptic device consists of one or more input 
transducers and at least one output actuator. A transducer is a compound hardware 
component in which there is a sensor and a transmitter. It measures the stimuli (position 
and/or contact forces for haptic applications) and converts the changes in sensing 
parameter to the changes in an electrical signal. It then applies a calibration and filtering 
for removing signal noise and sends it to a receiving device (such as computer). The 
actuator functions in reverse, i.e. it converts electrical signals to stimuli or force. For 
haptic applications, actuators display contact forces and positions at the appropriate 
time and geometry coordination. Some examples of haptic interface devices include the 
SensAble Technologies PHANTOM® Omni™, the Immersion CyberGrasp and CyberForce, 
and the FCS HapticMASTER. The PHANToM® Omni™ is a small desktop haptic device that 
permits three-dimensional simulation of single-point contact in virtual environments 
through a stylus. It measures three Cartesian coordinates (x, y, and z) and three 
orientations (roll, pitch, and yaw) of the stylus as it moves within a pre-defined 
workspace. Its actuators can exert forces back to the user's fingertips. Using the 
supported SDK, a programmer can define a virtual object, detect contact of the virtual 
stylus proxy with a virtual object and apply the appropriate force back to the user, 
simulating the sense of touch. The CyberGrasp provides force feedback as an exo-skeletal 
device fitting over a CyberGlove with 22 degrees of freedom. In 3D applications, to 
measure the position and orientation of a human’s forearm, the CyberGrasp can be used 
in conjunction with a position tracker. 
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Haptic devices are characterised by two main features: the refresh rate and 
degrees of freedom. The degrees of freedom (DOF) is the number of independent axes 
on which the device can exert stimuli or measure position or force input. For example 
force stimuli can be applied along the axes x, y and z in 3-DOF. Moreover, in 6-DOF 
devices, torque stimuli can be exerted around axes rx (roll), ry (pitch), and rz (yaw). There 
are also devices that produce small forces with no specific direction, e.g. vibration 
applications used in mobile handsets and game joysticks. On the other hand, the refresh 
rate refers to the maximum speed at which the device can sense the position and 
generate force or torque stimuli back to the user. It has been experimented widely by 
researchers that a refresh rate of 1 kHz is the minimum rate at which typical user can 
sense smooth and transparent simulation. 
Modelling of haptic interface devices is a necessary task in closed-loop control 
for the study of tele-operator systems. However, it is not required as far as passivity 
issues are considered in the haptic data compression stage as a part of the haptic data 
communication.  However, Tahmasebi et al. [5] have conducted an experimental 
identification and analytical study to extract the most complete dynamic model 
parameters of the PHANToM Premium 1.5. The extracted model satisfied the accuracy 
measures of up to 95% in joint-torque prediction. It has also been featured with counter-
balanced gravity conditions and hand-force estimation with mounted force sensors at 
the stylus.  
Data communication in haptic environments is the fundamental component of 
machine and computer haptics and is the main area of research and experiments in this 
thesis.There are two categories of haptic environments: virtual haptic environments and 
tele-presence or tele-operation. In virtual haptic environments one or both sides of 
haptic operation are simulated by a computer software program. Such program is 
responsible for calculating and creating stimuli samples in response to the received 
samples from the remote side. The calculation, however, is based on a mathematical 
model representing the virtual objects and/or the environment. A well-known example 
of a virtual haptic environment is a computer game established on an IP network in which 
the avatars as well as other objects in the scene are all modelled by the game software 
engine. Virtual environments are classified into the two categories of collaborative and 
cooperative [9] which are discussed further in this section. 
5 | Introduction 
 
There are haptic applications in which both sides of the operation are present in 
the real world, hence bilateral control of force and movement signals in impedance 
(master) and admittance (slave) devices become vital when seeking stability, 
transparency, and reliability. These applications are categorised as haptic tele-operation 
or tele-presence. 
Typically, a haptic tele-operation system comprises of a network of two or more 
haptic interface devices collaborating in a simultaneous session. Haptic communication 
vs. multimedia (visual and audio) streams have specific characteristics such as a high 
sample rate and force-feedback which implies special requirements in the network 
architecture and protocol design. On the other hand, computer networks consisting of a 
medium (wired or wireless) and switching (direct or routed) type constrain some 
limitations like bandwidth, throughput, and quality of service (QoS) which should be 
considered in any design of a virtual environment.   
In a collaborative virtual environment, two operators have simultaneous access 
to change the state of a single shared object. Such an environment can be represented 
with two operator carrying a single box, each holding one side of the box opposite to the 
other operator. When two operators are moving through the virtual scene, the game 
software is responsible for calculating the 3D position of the box based on the received 
sample packets from the operators, model of the box, and running a suitable prediction 
algorithm for lost samples due to network issues.  
Virtual environments are called cooperative where two or more participants are 
changing the state of a single shared object but not in the same time. In this case, which 
is more often simulated by distributed simulation tools, games, and applications, 
rendering the operation is simpler than collaboration. An example of a cooperative 
environment is a chessboard, as the position of white and black pieces represent its state. 
Two participants can change the state of the game (position of their own pieces) 
sequentially, i.e. not in the same time. The cooperative virtual environment can be 
implemented more easily and straight-forward rather than the collaborative approach as 
the synchronization between subsequent rather than simultaneous actions is less 
complex. 
It is predicted that haptic systems will be used in a  vast spectrum of applications 
including graphical user interfaces, medical (surgical and paramedical) training and 
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simulation, rehabilitation,  authorization and identification, entertainment and 
multimedia, scientific discovery, visualization, arts and creation, automotive and 
manufacturing industry, engineering, tele-robotics, and tele-operations. The applications 
field of haptics is promising to grow significantly in the near future. 
A user interface is naturally based on the gestural system of the human, so 
haptics technology can offer a state-of-the-art solution in this area. Typical  user interface 
tasks such as the press of a button, dragging an object, sliding a lever, window handling, 
content scrolling, and item selection from lists, combo-boxes and menus, can be felt 
more conveniently and intuitively with the friction and resistance force provided by a 
force feedback haptic UI device. The oldest haptic UI devices were 2D haptic mice like I-
Feel and Wingman, which have drivers in Microsoft™ Windows® to add force feedback 
to windows and scroll bars [8]. 
Haptics technology has had a broad application in the medical field. These 
applications include medical training, surgical simulations, tele-surgery systems, and 
rehabilitation. The introduction of haptics technology as a tool for training has changed 
the shape of learning in surgical operations over the last two decades. As more reliable, 
accurate and transparent devices are developed, medical practitioners will undoubtedly 
rely more on the sensation of simulated forces and tactile exerted by tool interactions. 
An early application of haptics in surgical simulation and medical training was introduced 
in 1997, where Langrana et al. used the Rutgers Master II haptic device for beating the 
liver tumours in a training simulation session. They simply modelled tumour tissue as 
hard and smaller spheres compared with softer and larger spheres that represents the 
healthy tissue. The simulation helped trainers to experience realistic reaction friction 
forces when touching the virtually tumour. The trainers could also see corresponding 
deformation of tissue caused by the beating operation and in a graphical virtual display. 
The authors used Finite Element Analysis to calculate the reaction friction and strong 
forces corresponding to touch and deformation from stored force/deflection curves 
which had been collected previously by experimentation.  
In the e-commerce industry, force feedback can be used to facilitate physical 
interaction of the consumer with a product. This means that the customer would have 
the ability to touch a product and feel its stiffness, texture, weight, size, and even 
temperature. This would assist a more accurate and realistic sale and can avoid or reduce 
the probability of returns due to mistakes made as a result inaccurate presentation of 
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traditional 2D web-sites. In the real world where consumers are most likely to look for 
their product needs they usually prefer to touch products (e.g. clothes and shoes) before 
they purchase them. 
In the entertainment and game industry, there is an emerging interest of both 
players and game producers to include kinesthetic and tactile sensations in game scenes. 
This will allow players to feel more immersed in the virtual-reality environments, as well 
as be able to exert force on virtual objects and the environment. Haptic research in 
gaming products and home entertainment has revolutionised this field during past 
decade. Generally, a computer game player is seeking to achieve four principle 
experiences: physical, mental, emotional, and social. The force feedback aspect of haptic 
technology enhanced the physical sensation of the computer game experience by 
improving the players’ physical skills, bringing the player closer to the objects in the 
virtual environment and simulating the use of actual artefacts (such as a steering wheel 
in cars). 
Audio and video streams accompanying haptic stimuli are widely introduced in 
many applications. Users can feel more realism when interacting with more sensory 
channels. In applications such as computer games, the sound effects when a user (player) 
collides objects together can improve the realism provided by a haptic interface which is 
responsible for the tactile and kinesthetic sensory stimulation. 
Virtual modelling, sculpting, painting, and museums have recently been 
introduced to haptic technology. Modelling and sculpting art is inherently tactile. So, 
using touch in virtual sculpting explicitly improves and facilitates the interaction required 
in sculptural forms. Moreover, with this modality as a significant media for virtual 
exhibitions, it can provide the opportunity for (virtual) visitors to touch the 3D pieces 
without violating the conservation regulations. The “hands-off” rules that art galleries 
must implement bound the appreciation of 3D pieces, where a more accurate 
understanding and comprehension can be completed by touch over observation, 
especially for art students who need to grasp all the physical aspects of an object. Haptics 
technology can facilitate the investigation and manipulation of virtualised 3D art pieces, 
as well as the interaction with museum staff members remotely and online to jointly 
touch the objects while engaging in question-and-answer communication. 
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Aerospace simulation and training is another important area of haptic 
applications. In addition to simulation applications which are similar to game 
technologies, in some situations in the real-world aero context, tactile and force 
information may be used as an alternate source of information. This means, there are 
conditions such as craft fire, mist, or  explosion in which the sensation of touch could 
provide information that the other modalities such as audio or video cannot. Haptic 
technology in conjunction with other technologies such as wireless sensor networks 
(WSN) can provide solutions for communication as well as mission purpose. Tele-
operation and tele-robotics techniques have also been widely used to sweep objects in 
discovery of space or other planets.  
1.1. The Research Gaps 
In all applications discussed above, the most obvious concerns in haptic data 
communication are transparency and stability. Transparency in haptics suggests that all 
participants of the haptic operation will feel as though they are interacting with real local 
objects regardless of network media used for the communication and the distance. On 
the other hand, stability is the capability of the haptic system to run under the 
participants’ control. For both issues, the most alarming factor is the delay or latency 
experienced by the communication channel utilized for the application. This delay, 
however, is categorized in two major groups of fixed-delay and variable-delay. While the 
transparency of the system can be affected by even fixed delay, the stability will 
deteriorate easily by variable-delay. Nevertheless, one of the techniques used to reduce 
or control the delay in haptic data communication is to reduce or compress the data 
produced in either side of the operation. Toward this aim, there have been a variety of 
algorithms, methods, and protocols introduced by researchers. The main gap is a 
commonly agreed protocol for such data communication and compression which 
contains all the techniques proposed and justified for haptic applications.  
This thesis is focused on haptic data compression and communication which is 
one of the emerging trends in the study of haptic systems throughout recent years. For 
the communication purpose in haptic tele-operation, firstly, there is a need for a flexible, 
expandable, robust, real-time, fast, and reliable data transmission control protocol. The 
techniques for sample reduction and prediction lay upon this platform to minimize the 
amount of samples required to be transmitted over the communication channel such 
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that the stability, transparency, and reliability criteria are not affected. The over 
architecture for such tele-operation is the last but not the least achievement which this 
research is aimed to. However, the whole system would be tested and verified with the 
human subjects as experimental participants.   
1.2. Thesis structure 
After this introduction, in the next chapter, a survey on the literature surrounding 
haptic tele-operation will introduce the system overview, types of environments, 
limitations and obstacles, and recent work on each stages of haptic data compression. 
However, this survey presents the extent to which haptic data compression will mitigate 
constrains, improve application performance, and is aligned to the upcoming trends. 
An adequate data transmission control protocol for haptic tele-operation is 
proposed in chapter 3. In this proposal, after a detailed survey on network and haptic 
concepts and constraints, as well as the last protocols proposed in the literature, frame-
structure and functional specification of an event-based packet tracking protocol is 
introduced to be further utilized as a communication SDK in the remaining experimental 
study chapters. 
Chapter 4 and 5 present the methods and techniques for haptic data reduction, 
which the most effective approach in perceptual and prediction analysis are proposed 
respectively. Chapter 4 introduces the JND concept as a perceptual dead-band threshold 
and is followed by the proposed techniques for the movement and force signals. In 
chapter 5, the most appropriate algorithms for prediction of lost or dropped samples are 
introduced. This work is completed for impedance and admittance devices separately. 
Chapter 5, also presents the architecture of data flow in haptic tele-operation. Following 
a literature review on the existing work, the proposed communication framework, 
identified in Chapter 3 is utilized. 
Although the concepts and methods are discussed and proven in chapters 3 
through 5, the remaining experiments and results are presented in Chapter 6. All 
methods and concepts including specific transmission control protocol, proposed 
architecture, and data reduction techniques have been utilized in some experiments 
which will result in the data compression ratio and subjects feedback of transparency as 
the criteria for comparison. 
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Finally, chapter 7 presents the major lessons learned in this study and the future 
research is proposed.
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2. Background 
The application of haptic technology in robotic tele-operation has observed an 
increasing demand for greater transparency and stability [10]. Consequently, this 
requirement has produced various methods to reduce the haptic data size [4, 6, 11-22]. 
Haptic Data Compression (HDC) experiences challenges due to the volume of data (both 
force and movement) in an online tele-operation scenario. The data in question can  be 
in the order of Mega-Bytes/s in online systems, especially with accompanying 
audio/video streams [23], and the requirement of Giga-Bytes of storage in offline 
rendering sessions [24]. Such data size greatly affects the total transmission time and 
time delay. Hence this degrades the transparency and stability of the tele-operation 
system [12, 14]. For a tele-operation system, at least 1,000 force samples/sec are 
required for a stable and smooth handling of manipulated objects [25]. This application 
requires a high sampling rate in comparison to the low refresh rate (of at last 60 Hz) in 
visual and audio industries. This results in a greater requirement for establishing a 
transparent and stable tele-operation [26-28]. Moreover, as the degrees of freedom in 
the system increases, the model complexity as well as data-size increase dramatically 
[29]. These limitations have motivated the robotics and haptics research community to 
develop methods to reduce the amount of data to be transferred between the master 
and the slave in an online operation. Nevertheless, the same effort would be desirable 
for reducing the amount of data to be stored in offline and rendering applications [3, 24, 
30-37].  
2.1. Haptic Teleoperation Systems 
The most challenging haptic environment in terms of stimuli control is tele-
presence or tele-operation, which typically takes place between two real sides: the 
master side, which is often controlled by a human operator, applying position and feeling 
force feedback. And the slave side, which is often realized by a remote object, responding 
to force based on the position of a robotic end-effector. In each side, there is a haptic 
interface device which senses stimuli, converts to the corresponding digital values, and 
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transfers the value to the other side as the haptic samples through the communication 
network. The position of end-effector is sensed and the appropriate force feedback is 
exerted back in one side (master), while the received position signal is displayed and the 
environment force is sensed by the other side (slave). 
The amount of force sensed by the force sensor at the position of end-effector, 
led by the master device, should be sent back and exerted to the subject. Thus, the ideal 
situation for a haptic tele-operation is to be as smooth, reliable, and stable as the in-place 
operation. This situation implies zero-delay and a zero-sample-lost condition which is 
empirically unattainable and unfeasible. Ruling the sample rate of 1 KHz, the round-trip-
time (RTT) should be margined to 1ms which in turn requires an average packet 
transmission time of no more than 400us. However, the network limitations and 
impairments make this bilateral control for haptic tele-presence difficult to achieve.  
2.1.1. Two-port systems 
 Inspired by electrical networks, a haptic interface device can be shown as a two-
port system. Where on one port is terminated by the human operator and the other port 
by the end-effector or virtual environment (Figure 2.1). On one side, referred to as a 
master, client, or impedance device, the position (or velocity 𝑣ℎ) of an operator’s hand 
(or body) movement is measured and the appropriate force response  𝐹ℎ is exerted back 
to the operator. The force 𝐹𝑒 is calculated by the remote side as a virtual environment, 
or measured by the sensors embedded on the robotic end-effector. On the opposite side 
of this system, referred to as the slave, server, or admittance device, the position is 
generated by the end-effector and the proportional force is measured by the sensors in 
the real tele-operation system, or calculated by the model in virtual applications to be 
fed back to the master side.  
Velocity 𝑣ℎ is measured by the device from the human finger-tip and Force 𝐹ℎ is 
exerted back at the finger-tip contact point. These signals characterize the energy 
exchange between the human operator and the haptic interface. Similarly, the energy 
exchange between the interface and the end-effector or virtual environment is 
Figure 2.1: Two-port haptic interface 
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characterized by force 𝐹𝑒, sensed from the remote or virtual object, and velocity 𝑣𝑒, 
applied to the end-effector or virtual object. Ideal transparency in haptic rendering or 
tele-operation applications imply 𝐹ℎ = 𝐹𝑒 and 𝑣ℎ = 𝑣𝑒 , but the stability requires the 
input energy ∫ 𝐹ℎ . 𝑣ℎ to be higher than the output energy ∫ 𝐹𝑒 . 𝑣𝑒. As virtual 
environments are usually passive, designing the interface to be passive can guarantee 
the overall stability of the system. 
According to the tight RTT constraint, the number of sample packets on either 
side should be reduced. As a result, in impedance devices, the major concern is to reduce 
the number of position samples to be sent. While in the admittance device, 
unperceivable force samples should be omitted to meet this constraint. Therefore, 
dropped force samples should be predicted by the impedance device, and dropped 
position or velocity samples should be predicted in the admittance device. 
2.1.2. Haptic Systems Obstacles 
There exist several limitations and obstacles in haptic technology that restrict its 
growth and industrialization. The most challenging is the transmission delay caused by 
distance between the operator and the robotic manipulator. Consequently, this affects 
two vital requirements: the stability and the transparency of the haptic operation. These 
challenges are discussed further below. 
2.1.2.1. Fixed and Variable Latency 
Latency refers to the turn-around time elapsed by a message from a sender to 
be propagated to a receiver and its response to be sent back to the sender. Latency in 
traditional haptic systems causes lack of fidelity. For example, when the subject wants to 
touch a virtual or remote object and the latency is such that the force feedback is 
received later than expected, the indication of collision may occur late, so the end-
effector may penetrate into the object. 
Latency is produced by two main factors: communication delay, known as 
network congestion, and computation delay. Communication delay depends on the 
packet size, distance between the operator and the end-effector, network medium 
speed, collision in channel access, delay implied by the link and network protocols, and 
other network-related issues. Computation delay, on the other hand, is typically caused 
by the circuitry of the transducers and the actuators and the rendering software modules, 
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when applied to virtual models. While haptic data compression may reduce the data size 
and the communication delay in turn, it increases the computation time. However, haptic 
data compression techniques are expected to mitigate the latency in related applications.  
It is obvious that latency adversely affects the update rate. That means the 
minimum period of sampling haptic stimuli (at least position and force) has to be more 
than the turn-around propagation delay between the operator and the end-effector. For 
example, if the latency in a network application is 10 milliseconds in the worst case, the 
sampling period may not be less than this period. As a result, the update (or sampling) 
rate should be 100 Hz or less. If the sampling rate is higher than 100 Hz, there would not 
be enough time for all samples to be transmitted. Therefore, some samples may be 
dropped due to the transmission latency. 
Packet-loss or sample-loss caused by time-delayed communication in networked 
virtual reality or tele-operation applications may significantly affect the stability in the 
haptic system. The main reason for this is that lost packets contain force and movement 
data, which their absence may generate energy in the receiving side. Therefore, the 
whole system is led to be non-passive and unstable. 
Another factor contributing to the deterioration in haptic telecommunication 
occurs when the transmission delay varies during a session. The failure is called jitter and 
it causes instability in the form of vibration or damage to the object under study. The 
effect of jitter in packet transmission is shown as a disorder in the packet reception at 
the receiver. For example, when a stream of packets such as 1, 2, 3, 4, and 5 is sent in a 
varying-delay network, the receiver may receive them as 1, 2, 4, 3, and 5. If the varying-
delay is under control, i.e. it could be bounded to a ceiling, it can be added to the average 
RTT and the whole tele-operation can be controlled by buffering techniques. In the case 
when the delay could not be bounded, some packets may be considered lost as they miss 
the maximum tolerable delay. In this situation, prediction algorithms can be utilized for 
haptic telecommunication to compensate the lost packets. Therefore, the jitter is more 
crucial and vital than the constant network delay to be managed for fulfilling the stability 
and transparency conditions of haptic communication. 
2.1.2.2. Transparency 
Transparency of haptic applications, especially in the bi-lateral cases refers to the 
extent of realism that a user feels while working with an interface to deal with a virtual 
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or remote object. That means, the interaction with the virtual or remote object should 
resemble the corresponding real or local scenario. Based on this specification, 
transparency is related to the delay in the communication which has been studied as 
latency. 
2.1.2.3. Stability 
Stability of haptic systems is related to two factors: the update rate and passivity 
of the system. During experiments, done in this research with haptic applications with 
low update rates, there are some instability and vibration felt by subjects from the haptic 
interface. As the technology and research in this area grows, the research outcomes have 
determined that an update rate of at least 1,000 Hz is required to let the haptic tele-
presence or virtual experiment session produce a stable and smooth result. The 
instability sensed by subjects in low update rates is more obvious when the object under 
study has a stiff surfaces. 
According to passivity study, stability is guaranteed in the system that has no 
extra energy generated; such a system is called a passive system. By another definition, 
a passive system refers to a system that the amount of energy in the output signal is less 
than or equal to the energy of the input signal. Since there is no extra energy generated 
in a passive system, a series of passive systems is also passive. Therefore, if a compression 
module introduced in haptic data communication is passive, i.e. it does not generate 
energy, the stability of the whole system will not be affected by aggregation of the 
compression module.    
2.1.2.4. Bandwidth Limitations 
One of the important issues in haptic data transmission over a network, 
especially over a packet-switched IP-network, is the limited available bandwidth. In 
online real-time applications such as IP-telephony (VoIP) or video conversation, a 
specified channel with limited bandwidth is dedicated to the application. Quality of 
Service (QoS) parameters in transport and IP layers ensure the minimum bandwidth 
requirement for the application. However, bilateral transmission of the data makes the 
QoS management more complicated in haptic applications rather than audio-video 
applications. In addition, when multimedia signals are combined with haptic data (force 
and movement), the resulting stream will be extremely large. On the other hand, packet 
loss in telephony and teleconference applications can cause interruption and noise in 
sound or flicker in video; but packet loss in haptic applications may generate energy due 
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to the nature of force and velocity stimuli. Therefore, the packet loss may cause the 
whole system to be unstable. As a result, either a channel with a guaranteed bandwidth 
should be dedicated for this sort of application, or the packet loss effect should be 
mitigated in some manner. Consequently, haptic data compression methods are based 
on both data reduction and packet-loss tolerance techniques in bi-lateral tele-operation. 
2.2. Haptic Data Communication  
When considering the network requirements for haptic tele-operation, haptic 
collaborative, and cooperative environments, it is necessary to define the network 
limitations that affect these systems. The limitations defined in this section exist in both 
wired and wireless networks. While recent developments in the physical, data-link and 
switching layers of networks have reduced the impact of these limitations, there remains 
a need for the application of compensation techniques towards the ideal state of tele-
presence. This is more applicable where the distance between the master and the slave 
increases, or varies over the session. 
2.2.1. Packet Loss 
Packet loss is the next issue with haptic telepresence systems. There are two 
major categories of packet transmission methods over IP networks: fast but unreliable 
such as UDP, and slow but reliable such as TCP. If a packet does not reach its destination 
in the unreliable approach, or after a pre-configured number of attempts in the reliable 
scheme, the packet is considered lost. In addition to the network problem, data reduction 
methods in haptic systems may also drop some samples or packets. However, the way 
the receiver will manage dropped or lost packets is part of this study.    
2.2.1.1. Network problems 
Packet loss may be caused by any interruption in the pathway between the 
sender and receiver. This can include the media break-down, noise, power outage of the 
routers and switches in the middle, or malfunction of the software modules handling the 
packet. This sort of packet loss may affect the stability and transparency of haptic 
teleoperation more severely than packet loss due to data reduction, as the value of lost 
samples may be above the perceivable threshold of the haptic stimuli. Therefore, 
prediction of the lost value or interruption of the operation may deteriorate the stability 
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of operation or cause a failure. Thus, identifying and tolerating this sort of packet loss is 
a big challenge in haptic teleoperation systems.    
2.2.1.2. Data Reduction 
One of the most noteworthy techniques applied to the reduction of the number 
of transmitting samples and hence tolerating larger average RTT is based on perceptual 
analysis. There are numerous approaches to compensate for this type of packet loss on 
the receiver side, of which some will be discussed in chapter 5. However, it is desirable 
to distinguish the omitted packets from the lost packets due to the network problems at 
the receiver. Therefore, one of the vital responsibilities of a transmission control protocol 
applicable to haptic applications is to indicate the cause of packet loss on the receiver 
side.   
2.2.2. Reliability 
Although it may be possible to merge packet numbering and acknowledgement 
schemes in the application layer of the protocol, the reliability issue which requires 
stringent tracking of sample time-stamps necessitates the higher level of priority in terms 
of process scheduling in multi-process environments. This means that the control of data 
transport in haptic tele-operation, which is identified as a real-time process, needs to 
have a guaranteed time-slice of the processor. Hence, its implementation should lay in 
the lower ring of CPU access (higher priority) than the application layer.     
2.2.3. Scalability 
In haptic collaborative and cooperative experiments, scalability refers to the 
potential to increase the number of involved members in the experiment without any 
destructive effect in the performance or stability. In haptic tele-operation, scalability can 
be identified as the ability to retain the transparency and stability when the master or 
slave, or both, are mobile. The mobility of both sides can cause the connection distance 
and/or the number of involved routers and switches in between to vary, hence the 
transmission delay varies and jitter can occur. Although the application layer is a suitable 
place to support this feature in collaborative and cooperative haptic sessions, it can be 
integrated in the transport layer for haptic tele-operation studies.  
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2.2.4. Synchronization 
Synchronization is required to support the reliability, scalability, and stability of 
haptic tele-operation. There are two modes of synchronization in haptic interaction: 
node synchronization and packet synchronization. Node synchronization means that all 
interacting entities should have an identical and consistent track of time, like a global 
clock. Through packet synchronization, subsequent sample packets should be received in 
the receiver at the same time order as they have been produced by the sender. While 
the latter vital for jitter elimination, in all types of haptic communication schemes the 
former is unavoidable in haptic tele-presence. Early protocols such as NTP have been 
introduced, standardized, and widely utilized for node synchronization by the common 
operating systems and applications. However, many proprietary methods and algorithms 
have been introduced for packet synchronization. In this thesis, a new method for packet-
synchronization in haptic tele-operation is be proposed in chapter 3.      
2.2.4.1. NTP 
Network Time Protocol (NTP), a clock synchronization protocol formerly 
designed by D.L. Mills in 1985, has been widely used to synchronize all member 
computers in a virtual domain over loosely-coupled, variable-delay, packet-switched IP 
networks within the accuracy of a few milliseconds. Utilizing nodes as time-servers which 
are distributed all over the network, it can alleviate the time drift caused by variable 
network delay. Although it can achieve the accuracy of less than one millisecond in local 
area networks, this value increases to tens of millisecond over the public internet. 
Therefore, it is not suitable for haptic teleoperation which needs the time resolution of 
at maximum one millisecond due to high a sample rate of 1 KHz for a transparent and 
stable operation. Moreover, what is crucial in haptic tele-presence is the packet 
synchronization which is not supported by NTP.   
2.2.5. Layer Selection Criteria 
The constraints and requirements of haptic tele-operation such as transparency 
and reliability are the basic challenges for selecting the most suitable layer of an ISO 
network model to establish the haptic-specific communication protocol. As an 
illustration, there are two layers which are the most widely selected within the research 
community: the transport layer, and the application layer. Although the reliability issue 
entails packet numbering and synchronization, which should be implemented and 
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controlled in the transported layer, scalability and data compression which leads to more 
transparency require the conjunction with the application layer. As well as the network 
requirements of haptic tele-communication, there are some implications for these 
applications on the Operating System platform.  In this section, these requirements are 
identified and discussed to what extent they are centric to haptic communication and 
network support.   
2.2.5.1. Packet tracking and streaming 
To reduce and mitigate the effect of jitter in haptic communication the obvious 
goal is to keep track of the data sample from the producer (sensor) to the consumer 
(actuator) and vice versa. As suggested by the fundamental ISO standard of computer 
networks, packet numbering, tracking, acknowledgement, and control of the data stream 
are intrinsically intended to be implemented by the transport layer. However, some 
researchers have proposed their methods in the application layer which is simpler to be 
accessed by or even merged to the control application. 
2.2.5.2. Multi-threading and multi-processing 
Intuitively, several concurrent processes and threads (with shared memory 
access) are meant to be integrated in either side of haptic tele-operation. For example, 
while a thread is responsible for receiving samples and controlling their sequence 
(acknowledging the received samples, piping them, waiting for dropped samples, and 
arranging the samples according to their time-stamps), another thread might interpolate 
or extrapolate the samples to form a smooth signal (movement or force) to be displayed 
by the appropriate haptic device. These two exemplified threads are both part of the 
network protocol in haptic applications. However, there might be other interacting 
threads and processes in the upper or lower layers in either the master or slave side. 
Therefore, the conceiving operating system should be strong enough in multi-processing 
and multi-threading aspects, especially where the underlying platform consists of 
multiple processors. In the latter case, higher efficiency is expected as the number of 
processing cores increases. 
2.2.5.3. Real-time processes and threads 
As discussed earlier, some of the controlling threads and processes of a haptic 
interface device are required to act in real-time priority. Thus, the operating system 
should have the capacity and capability to prioritize different processes and threads 
according to their time-sensitivity. Consequently, it should rationally guarantee the 
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processing time for a specified thread or process to some adjustable degree. For 
example, it is well-known that the commercial home and academic version of Microsoft 
Windows is not suitable for real-time applications, because of its upward compatibility 
to the legacy single-threaded non-protected DOS and its applications. 
On the other hand, even non-commercial open-source Linux-based operating 
systems like Ubuntu, which is small enough to be installed in embedded controllers is a 
better choice for haptic real-time communication. Nonetheless, there are numerous real-
time embedded operating systems (like RTOS) which can be utilized for this purpose.        
2.2.5.4. Time resolution 
Not all real-time operating systems are suitable for haptic tele-operation. The 
resolution of time-slice in the scheduler is one of the major factors in selecting a proper 
platform. For example, Microsoft windows is not able to switch between threads in less 
than a few milliseconds. According to the minimum perceivable sampling rate of 1 KHz 
for haptic applications, the time resolution of the scheduler module of the underlying 
operating system should be less than one millisecond. That is due to scheduling and 
context-switching overheads which should be considered. Therefore, the time resolution 
of the operating system running haptic application is prominent.   
2.3. Human Sensory System 
As mentioned earlier, the core technique for reducing the number of transmitted 
samples in tele-operation is to eliminate any unperceivable samples. The human sensory 
system has a threshold of sensation in each of the five sensory systems which varies 
according to the amount of stimuli. Also, each sensory system has its own proportional 
ratio and sample rate. Among the five senses, touch is the most sensitive, where the 
proportional ratio and sample rate has been investigated as 10% and 1000 samples per 
second respectively. For example, sight has 10% of perception ratio and 20 samples 
(frames) per second in this comparison. That indicates that if the colour or brightness of 
an object differs by 10% of its current value, a human subject cannot detect the change. 
In addition, if a light blinks more than 20 times a second it is seen as a constant light by a 
human subject. In this subsection, the background of this phenomenon is described in 
detail. 
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2.3.1. Psychophysical Boundaries 
In early 19th century an anatomist and physiologist, Ernest Heinrich Weber 
(1795–1878) found that for human’s perception, the just-noticeable difference between 
two consequent events of a motive is proportional to the magnitude of that motive [38]. 
This has been shown by equation (1) and known as Weber’s law: 

Δ𝐼
𝐼
= 𝜅,              0 < 𝜅 < 1  
The coefficient 𝜅 is called the JND coefficient. The stimuli can either be force or 
kinesthetic motive, and Δ𝐼 is the change of that motive for two consequent events. The 
coefficient 𝜅 can be static in some applications, however, it is commonly a dynamic 
coefficient due to dynamic environmental factors. 
According to this law, for haptics data transmission, only human-perceivable 
haptic data samples with so called “Just Noticeable Differences (JND)” to their previous 
sample are transferred. In the receiver side, for each lost sample, a simple Hold-Last-
Sample (HLS) method or a complex prediction method are used to convey the continuity 
of the data stream. 
2.3.2. Human Touch Sensory System 
Haptic applications deal with the human touch sensory system. This system 
comprises of two major groups of signals: movement and force. The movement stimulus 
is divided into two categories: position and velocity of the haptic stylus. For the position 
signal, it is a reasonable idea to rely on the device resolution. However, applying the 
velocity JND, based on Weber’s law means that a small amount of change in velocity is 
not perceivable by the human subject and the samples producing such a difference may 
be omitted for data size reduction purposes. Consequently, the only accepted changes in 
velocity and hence the resulting position samples are those that comply with the 
condition stated by (2): 

Δ𝑣
𝑣
≥ 𝜅𝑣 ,              0 < 𝜅𝑣 < 1  
For force data, the rule indicates that if we omit the stimuli with the 
Δ𝐼
𝐼
  that is 
less than the specified 𝜅, then the human receiver of the signal will not sense the 
difference caused by the omitted data. For example, where there is a force of 20N on a 
22 | Background 
 
subject’s skin, an immediate next amount of 22N or 18N force may be reported as the 
previous 20N sample, where the 𝜅 = 10%. The equation of the Force JND is typically 
used in the same way as the original (1): 

Δ𝐹
𝐹
≥ 𝜅𝐹 ,              0 < 𝜅𝐹 < 1  
Many researchers have used this rule and applied it on force data to reduce the 
amount of this data prior to compression and transmission of the data. For example, Allin 
et al. [39] set up an experimental methodology to evaluate the force JND for 
rehabilitation force-feedback devices. They investigated this factor in healthy volunteers’ 
fingers and applied the result as a calibration for therapeutic tools for disabled people. It 
has been experimentally shown that a fixed coefficient of 𝜅𝐹 = 10% was unperceivable 
by patients. 
2.4. Haptic Data Compression Flow 
As discussed previously, the omitted samples due to perceptual analysis of haptic 
data, or the dropped samples due to network impairments should be re-generated to 
obtain a smooth, stable and transparent tele-operation. In recent work, methods for data 
prediction are utilized for the re-generation of the omitted or dropped samples. For 
prediction analysis, recent work can be divided in two major categories: methods applied 
in the signal processing stage at the sender, and interpolation and extrapolation methods 
applied at the receiver. In this section both groups of prediction methods are surveyed.  
2.4.1. Adaptive Signal Processing 
Shahabi et al. [40, 41] introduced three types of sampling suitable for haptic 
applications: fixed sampling, group sampling and adaptive sampling.  Through fixed 
sampling, all sensors of the haptic device are working based on a constant sampling rate.  
One approach to the situation where different type of sensors (force, position, and 
rotation) need to be read is to use the maximum allowable sampling rate amongst them. 
Although this solution can be implemented easily, since some stimuli are redundant in 
many consequent packages, it increases the data size drastically and as a result, is not 
efficient. Shahabi et al. introduced a more efficient form of fixed sampling method called 
modified-fixed-sampling, which refers to the selection of the minimum sampling rate (𝑟0) 
amongst all sensors of the haptic device. 𝑟0 is then used as the device’s sampling rate. 
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This approach is based on running a training session before the haptic session to identify 
(𝑟0), which is the major disadvantage of this approach. 
Shahabi et al. also introduced a grouped-sampling approach, which takes one 
step further in the modified-fixed sampling approach as choosing the minimum sampling 
rate for different groups of sensors in a given haptic device. The advantage of this 
approach over the previous method is claimed as less storage and bandwidth 
requirements while maintaining higher accuracy. 
By the adaptive sampling (AS) method for each sensor 𝑖 during a given window 𝑗 
of a sampling session, an optimum rate 𝑟𝑖𝑗 is identified dynamically. Bandwidth and 
storage requirements can be reduced by adaptive sampling to far lower levels than what 
fixed- or grouped-sampling techniques produce. This approach enables much more 
sensors to participate in tele-presence sessions. Moreover, unlike grouped-sampling, 
adaptive sampling does not rely on one training session to determine the sampling rate 
of a particular sensor group for the entire session. The sampling rates change over the 
time as the nature of the sessions change. Therefore, the approach is more effective over 
grouped- and modified-fixed sampling. The disadvantage of this method is the delay 
introduced by the sampling window length of this process. Moreover, the buffering 
technique sacrifices the real-time acquisition of haptic data. 
The concept of (Differential Predictive Coding Method) DPCM is based on the 
consecutive haptic samples being very similar, and the differences between them are 
close to zero. Hence, prediction techniques of coding are suitable for compression of the 
haptic device’s samples. The fundamental concept behind prediction methods is to 
estimate or predict new (or dropped) sample values based on recently sensed (or 
predicted) samples which are normally quantized. As the samples in slow motions are 
closer to each other than fast motions, Shahabi et al. introduced adaptive DPCM 
(ADPCM). By ADPCM, the step-size of quantization is decreased during slow motion and 
increased during fast motion of the haptic end-effector (stylus). It has been claimed that 
the sampling rate reduced to 2-26% of the actual sample rate by using the ADPCM 
approach. He also claimed that a combination of ADPCM with adaptive sampling (AS), so 
called AS-ADPCM reduces the sampling rate even further to 0.1-6%. 
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2.4.2. Interpolation and Extrapolation 
Fenghua Guo et al. [8, 58, 59] introduced a prediction method based on curve 
approximation to be used for the compression of offline haptic data. Kammerl in [12] has 
also suggested an innovative combination of perceptual analysis and prediction coding 
to reduce more data in haptic applications. It was demonstrated through 
experimentation that the reduction ratio can reach up to 99%, but his proposal also suits 
offline applications.  
Clarke et al. [6, 60] have proposed a double exponential smoothing (DESP) 
method for the prediction of omitted samples in online tele-presence over an IP network. 
They have shown that the method gains the best results in accuracy and learning-time. 
With a learning-time that is defined by a small sample window size (of 5 samples), they 
can reach a high accuracy comparison with the other methods. Further in this research, 
the performance of their method is investigated and compared to other prediction 
algorithms. 
Sakr et al. [5, 61] proposed a method based on median filtering for the prediction 
of dropped data samples in online haptic tele-operation. The filter replaces a dropped, 
delayed or perceptually omitted sample with the median of M recent position samples. 
These samples are denoted as a filter with a sliding window size M. Although their 
approach proved to be reliable in terms of RMSE metrics, their work has been limited to 
a position signal, which is applicable to an admittance station. However, their proposed 
method is drawn to investigation and comparison further in this research. 
Hinterseer [42] introduced the utilization of a fast scalar Kalman filter prior to the 
dead-band application on input signals (force and velocity) to reduce the effect of 
undesired noise.  While this approach reduced the packet rate in velocity samples, it 
requires the knowledge of object’s and/or trajectory’s model which is not easily 
attainable or practical. Thus, their methods could not easily be applied to online 
applications, especially when the degrees of freedom are increased and the resulting 
complexity and computational burden are increased drastically. 
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2.4.3. Data Compression Architecture 
 As described in this chapter, the major approaches to solve the data 
compression problem are based on the perceptual and prediction analysis of haptic data. 
Figure 2.2 shows the stages revealed from the literature for haptic data compression. The 
highlighted boxes, i.e. perceptual and prediction analysis are the main parts on which this 
thesis focuses on. 
 As shown in Figure 2.2, each stage may be divided in multiple sub-stages where 
different techniques improve the result in that stage. The stages are as follows: 
Sampling: Techniques and methods in this stage are aimed at reducing the 
sampling rate in a fixed amount for different types of data (velocity or force) or adaptive 
to some situations [41]. In a fixed-sampling method, a constant sampling rate is applied 
to all haptic device sensors. However, in a modified-fixed sampling approach, the 
minimum sampling rate is applied to all haptic device sensors in the system. Moreover, 
grouped sampling identifies the minimum sampling rate for different groups of sensors. 
Finally, adaptive sampling identifies a dynamic rate according to the subject’s activity. 
That is, during slow motions, the sampling rate would be low, and as the subject’s motion 
accelerates the sampling rate increases. 
Perceptual Analysis: This stage plays a special role in data reduction according 
to the concept that the human being is able to sense a just noticeable differences (JND) 
in regards to the value of a stimuli (position, velocity or force).  Current work applies 
Weber’s Law to eliminate unperceivable force (and/or position) data before transmission 
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Figure 2.2: Stages of Data Compression in Haptic Teleoperation 
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[4]. That is, only human-perceivable samples in each sampling period must be 
transmitted. The Law suggests that the human is able to feel the difference in force 
whenever it is less than a fraction of the force amplitude. The JND estimation, 
differentiation, and application to different dimensions of different stimuli, as well as 
support for sample selection and optimization are some divisions of research in this 
category. 
Prediction Analysis: Tools and techniques introduced by researchers in this stage 
are some well-known filtering or prediction methods such as median [20], double-
exponential [42], Kalman [42], and others [43, 44]. These are applied instead of the 
simple HLS to improve the behaviour of TOP as well as OP stylus. Moreover, there are 
some efforts [45] in using transforms (FFT, DCT and FDCT) in packet compression, which 
is suitable for offline applications such as mentoring and rendering. However, they can 
still be used when the predefined specific fixed-delay time is acceptable in tele-operation 
and the window size is small enough to adjust with the delay. Although these methods 
have been used in data compression methods for visual and audio signals, there are still 
some novel ideas for the prediction method which is suitable for haptic data. 
Data Preparation: There are specific techniques introduced in this stage for 
streaming and packetizing haptic data that improve the performance in the following 
stage, which is data coding, and hence increases the compression ratio. 
Data Coding: As well as many other compression algorithms, the final stage is 
based on coding, which shrinks the data size as small as possible. Although the methods 
in this stage are similar to other compression applications, there is some dedicated 
research work applied in this stage for haptic data. 
Existing research [1-3] has proposed various architectures for data coding. These 
approaches can be used as a basis for remote as well as local applications. They usually 
suggest, the HPC as a part of the architecture which is not necessarily symmetric on both 
sides. Their architectures are also useful for modelling the communication system for 
stability and transparency. Nevertheless, Figure 2.2 would be a suggestion for such 
architecture which has been inspired from the literature. 
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2.5. Conclusion and Remarks 
The sense of touch in robotic applications has been identified as “haptic 
technology” by the researchers in this area. To this extent, there are some 
interface/display devices utilized in robotic systems which are divided into two major 
categories: impedance devices and admittance devices. The position of human 
operator’s hand is measured and the force is exerted back to them in an impedance 
device. On the other side, in the admittance device, the position of the end-effector is 
displayed and the reaction force of the environment is measured to be sent back to the 
impedance device. A system comprising of an impedance device as a master (or client) 
and an admittance device as a slave (or server) connected through any type of 
communication channel is called haptic tele-operation. 
At the outset, various applications have been introduced for this technology. The 
applications vary widely, from home and medical use through to aerospace and military. 
Although applications such as virtual modelling require a high-capacity storage of haptic 
stimulus mixed with other multi-media features, the main concern in applications such 
as tele-surgery or mine-sweeping is to reach an ideal zero-delay operation. Therefore, 
compression of haptic data can be leveraged by the majority of these applications 
towards the desired performance objective. 
Furthermore, the main limitations and challenges in haptic systems have been 
investigated throughout this chapter, of which the transparency, stability, and real-time 
contact detection are the most critical. These challenges may affect the feasibility and 
viability of such operation in many applications. However, the main goal of data 
reduction in haptic tele-operation is to overcome network bandwidth limitation, hence 
decreasing the latency to achieve more transparency and maintain a stable operation in 
real-time conditions. 
The need for online real-time transmission as well as recoding of highly-rated 
large-sized data produced by haptic devices both in online and offline applications are 
driving the trend of haptic data compression [16]. However, despite the requirement for 
force feedback for such techniques, the field is still in its infancy and there is no state-of-
the-art generally-approved solution. The following requirements should be investigated: 
• Evaluation of the perceptual impact implied by haptic data reduction.  
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• Investigation of the existing prediction methods, selecting proper one or mixing 
some and building a new algorithm. 
• Considering the real-time issues (stability and transparency) of online haptic 
applications, and study the side-effects of applying such algorithms 
• As the state-of-the-art approach for on-line haptic applications, study and 
development of an appropriate transmission control protocol. Such network 
protocol is supposed to integrate and manage perceptual and prediction 
techniques introduced in this technology, to overcome the formal limitations 
such as bandwidth, delay, and jitter. 
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Chapter 3 
3.  Haptic Data Transmission 
Control Protocol (HTCP) 
Since the major concerns in haptic data communication, such as stability, 
transparency, and reliability literally raise in distant operation on the circuit- or packet-
switched networks, the influence of appropriate protocol to mitigate the latency and the 
packet-loss, and to leverage the transparency and reliability of haptic sessions would be 
prominent. This chapter will first study the background of the network issues in haptic 
environments, followed by the literature review on recently proposed protocols and 
methods for networked haptic operations. Moreover, a novel haptic data transport 
protocol (HTCP) is proposed and evaluated with Omnet++, which is a renowned network 
simulation engine. Finally, the results of that study will be discussed in comparison with 
the previous protocols and methods. 
3.1. Introduction 
Researchers in haptic communication have been proposing a variety of methods, 
algorithms, and protocols in different network layers in recent years. As described 
before, these activities may be divided into two major categories: methods proposed in 
Transport Layer, and ideas put forward in Application Layer. In this section, all the 
relevant workouts for haptic communication is reviewed. 
3.1.1. Media 
As the other networked applications, haptic communication may be established 
in any composition of network media, topology, and architecture. For example, while the 
master part may reside on a mobile device connected through a 4G or 5G [46] 
communication channel to the internet, the master device may operate on a LAN 
connected via a physical router to the internet as well. In this section, a quick survey has 
been discussed on the slightly different terminology of some dominant network 
standards: wired and wireless. The terminology will be further used to illustrate the 
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causes and effects to deal with and the protocols to be developed in haptic 
communication.  
3.1.1.1. Wired Ethernet (IEEE 802.3) 
Compared to the ISO-OSI model of 7-layer network architecture, IEEE 802.3 [47], 
known as Ethernet, is a group of standards defining physical layer (PHY) and media access 
control (MAC) of the data-link layer for wired Local Area Networks (LAN) with some 
applications of Wide Area Network (WAN). With the variety of media types like coaxial 
copper cable, twisted-pair CAT5 and CAT6 copper cables, and fibre-optic cables, it defines 
protocols to reach up to 10Mbps, 100Mbps, 1000Mps, and 10Gbps respectively. 
However, recent releases like 802.3bz (2016) reached 2.5Gbps and 5Gbps over CAT5 and 
CAT6 twisted pairs respectively. Also, with optical fibres, the release 802.3bm (2015) 
defines 40Gbps to 100Gbps data transmission over the media.  
3.1.1.2. Wireless Local Area Networks (WLAN) (IEEE 802.11) 
Like the wired group of standard, IEEE 802.11 [48] is a group of PHY and MAC 
specifications for the computing device communication over a wireless local area 
network. The frequency bands defined by these specifications include 900MHz, 2.4GHz, 
3.6GHz, 5GHz, and 60GHz. The devices supporting this standard, which are usually 
branded as WiFi, are hubs, adapters and switches supporting more than one media (an 
Ethernet or Broadband) to route the packets over the networks of different media. 
The main problem of wireless over wired media protocols is the interference and 
collision which more severely deteriorates the overall throughput. As an illustration, the 
average data rate of 1 or 2Mbps was achievable in legacy 900MHz, which has been 
improved to 54Mbps on the 2.4GHz band by using OFDM waveform in PHY layer in 
802.11a release.  However, in 802.11ad amendment, a new PHY has been defined to 
support the data transmission over a 60 GHz millimetre wave spectrum. The maximum 
data rate of 7Gbps has been claimed for the products supporting this amendment which 
are known in the market as a WiGig brand.  
3.1.1.3. Wireless Personal Area Networks (WPAN) (IEEE 802.15) 
IEEE 802.15 [49] comprises more than 10 major workgroups, not all of them are 
active or completed yet though, defining PHY and MAC protocols for Wireless Personal 
Area Networks which the range is not as large as WiFi and joining the new nodes to the 
PAN is not as secure as is usual in WiFi networks. The most active workgroups of this sort 
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of wireless networks are Bluetooth (802.15.1), Hi-Rate (802.15.3) [50] (11 to 55Mbps), 
Lo-Rate or Zigbee (802.15.4) [51], and Body Area Networks (BAN) (802.15.6) [52]. Each 
of these subgroups is defined for an application-specific wireless network. For example, 
while the Lo-Rate data transmission is acceptable in Zigbee protocol, the long battery life 
is the main concern with the applications using this protocol for data communication. 
Although the carrier frequencies are the same as what specified for 802.11 series, the 
spectrum has been divided into more (16) channels than (3) designated in 802.11 to allow 
larger number of nodes associated in a PAN. 
3.1.1.4. Wireless Broadband (IEEE 802.16) 
IEEE 802.16 series [53], which is widely known as WiMAX, defines the PHY and 
MAC layers for data transmission over 3.xG and 4G mobile networks. The main advantage 
of WiMAX over 3G and its ancestors is that it uses OFDMA instead of legacy CDMA to 
support up to 2048 subscribers with a flexible-bandwidth channel (1.25-20MHz) to reach 
the average throughput of 100Mbps for mobile and 1Gbps for fixed devices (amendment 
802.16m-2001).    
3.1.2. Impairments 
Network delay is the most alarming impairment in online applications, defined 
as the duration of packet transmission from one module (sender) to another (receiver). 
As the sender/receiver module may reside in each layer, the delay includes the 
propagation time elapsed as the packet moves through every software and hardware 
packet on its way toward the destination. For example, twice the packaging and 
computational time of the transport layer should be considered in the calculation of the 
transmission delay of a packet from the application layer of node A to the corresponding 
layer in node B.  
Another factor which is more sensible in studying the performance and 
transparency of haptic communication is Round-Trip-Time (RTT). RTT is the length of time 
from when a packet is sent from sender module to when it receives the acknowledgment 
of the transmitted packet. Based on this definition, RTT is literally more than twice the 
average transmission time of a packet between two modules through the network. The 
main goal of all methods and techniques studied in this literature is indeed to reduce this 
parameter as much as possible. 
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Nevertheless, the stability of haptic presentation would be more feasible and 
attainable in a network where the average RTT during the haptic session is constant or 
limited to a constant ceiling, rather than in a varying-delay network. For example, in a 
distant loosely-coupled packet-switched IP-network, the route of each packet may vary 
from its siblings due to network traffic optimization applied in routers and switches in 
the path between master and slave. Moreover, in wireless and mobile networks 
movement of sender or receiver may increase this delay physically. Veritably, the number 
of such networks are increasing dramatically in today IT lifestyle rather than the legacy 
circuit-switched small physical LAN networks. Thus, the mitigation of the effect that RTT 
impairment causes in time-varying networks has been in the major attention of research 
in haptic communication in recent years.         
3.1.3. Transport Layer Protocols: 
Based on the layer selection criteria discussed earlier, such as packet tracking, 
reliability, and synchronization, most research works have been done in the transport 
layer which by definition is responsible for serialization and flow-control of data packets 
in both OSI and TCP/IP network models. Moreover, establishment and management of 
end-to-end connections and services are another main functions provided in this layer, 
which are of most interest among researchers looking for establishing a haptic tele-
operation session. Although synchronization has been classified as one the 
responsibilities of session layer in OSI model, it might be merged either into transmission 
control protocol or application program in TCP/IP model. Therefore, there exist some 
research works in this field which are proposed in the application layer and will be 
discussed at the end of this section. 
3.1.3.1. Traditional TCP vs. UDP 
Traditionally, there are two protocols used for packet transmission in TCP/IP 
model: User Datagram Protocol (UDP) and TCP (Transmission Control Protocol). While 
the UDP provides a fast but unreliable connectionless data transmission protocol suitable 
for application which requires faster rather than reliable datagram transmissions like 
video and audio streaming, the TCP establishes a connection-based reliable end-to-end 
protocol of data communication for the upper layer applications. Basically, TCP utilizes 
the flow-control mechanisms like acknowledgment and error-detection/correction 
methods, which is rather time-consuming. Also, there might be some congestion control 
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techniques applied to this layer to promote more reliability and service quality. Although 
the reliability is one of the major concerns in haptic applications, the average turn-around 
delay, and transparency convince the researchers in this domain to look for an alternative 
application-specific protocol over the fast unreliable UDP. Moreover, the synchronization 
and session time management issues which is traditionally done in session or application 
layer is remaining unresolved for haptic applications and should be considered.      
3.1.3.2. RMTP 
To overcome the time overhead of acknowledgment processing, hence reducing 
the latency and improving the overall throughput, Reliable multicast transport protocol 
(RMTP) [54] has been proposed based on a hierarchical structure in which some 
designated receivers (DR) are supposed to be head of underlying local group of receivers 
in each domain and are mainly responsible for sending acknowledgments to the sender. 
Therefore, buffering and retransmission of lost packets to the corresponding member 
receivers is also another important role of DR’s. Moreover, acknowledgment implosion 
is prevented by a single acknowledgment generated and sent per local region by the DR’s 
instead of all the including receivers in the domain sending their acknowledgments to the 
sender. Also, error recovery is simplified by periodic transmission of acknowledgments 
from member receivers in RMTP to their DR’s. Although this technique alleviates latency 
and improves overall throughput, the protocol does not have any synchronization 
scheme, nor there is any gain expected for haptic tele-operation where the topology is 
rather point-to-point, while the most advantages of RMTP are obtained from its 
hierarchical topology. 
3.1.3.3. RTP 
The real-time transport protocol (RTP) [55], which has been designed as a 
sublayer on top of the transport layer (the UDP) and underneath the application layer, 
provides an end-to-end transmission scheme of real-time data in applications such as 
(but not limited to) multi-media conferencing or simulation, over peer-to-peer as well as 
multicast topology. The most advantageous feature of this protocol is its optimized 
control protocol called RTCP, which is more suitable for scalable monitoring of data 
delivery rather than maintaining the quality of service or resource management in 
corresponding real-time applications. Another appealing feature of this protocol is the 
use of mixer relays to synchronize communicators connected with different-speed links 
into a simultaneous audio/video session.  Similarly, in the cases where end-users are 
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connected through different application layer protocols (like firewalls which prohibit 
usual IP packets to reach the end user), the filtering layer may be embraced by translator 
relays specified in this protocol. In addition, the layered encoding technique introduced 
in this protocol allows heterogeneous receivers to adapt their bandwidth rate on the 
originally multiplexed signal over multiple RTP sessions (channels).  
Although the monitoring feature of this protocol may not be highly efficient in 
haptic applications, utilization of underlying fast but unreliable UDP, packet numbering, 
the translators (but not the mixers), and layered encoding might be inspiring for 
designing a suitable protocol for haptic data transmission. 
3.1.3.4. SCTP 
Based on the knowledge gathered in this review, the first application-specific 
protocol for transmission of haptic data over a packet-switched network has been 
proposed by S. Shirmohammadi and N. D. Georganas [56] as Synchronous Collaboration 
Transport Protocol (SCTP). As the name suggests, it is more suitable for collaborative 
applications where two or more participants are compromising to change the state of a 
shared object in the virtual environment simultaneously. So, it has not been designed to 
support the need for any feedback stimuli (like the force signal in haptic) in the bilateral 
peer-to-peer application. Nevertheless, neither any room in the proposed packet frame 
is provided for the sample time-stamp, nor the proposed method of the protocol 
supports synchronization. Therefore, SCTP does not make any improvement in the 
networks where there are jitters in the packets received in the slave side, or alleviate it 
either. 
The most advantageous feature of SCTP protocol is the separation of key updates 
and normal updates in maintaining the reliability of packet transfer. While it is not 
necessary for normal updates to be tracked by the receiver, there have been proposed 
two methods for reliable key updates transmission: ACK-based and NACK-based 
approaches. In the ACK-based approach, the receiver sends acknowledge of any key 
update received, so if the sender does not receive any acknowledgment for the last sent 
packet within a pre-defined waiting time, it assumes it has been lost and retries sending 
that packet. On the other hand, in the NACK-based approach, the receiver expecting a 
key update in a certain frequency will send a NACK packet fetching the expected key 
update from the sender if it does not receive it at an appropriate moment. Although the 
latter approach has been qualified inefficient for the collaborative haptic sessions in the 
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proposing article, it has been found appropriate for haptic teleoperation as it reduces the 
packet traffic, so it will be used in the proposed protocol in this thesis. 
There have been different techniques proposed for implementing NACK-based 
lost-packet recovery. The most reliable and easier to implement is Forward Error 
Correction (FEC), in which a repair packet is generated by the sender based on a series of 
adjacent samples and is sent at the end of the group. Any lost sample will be identified 
and repaired by the receiver when the repair packet is received. Although this method is 
suitable for a reliable multicast session, it lacks transparency in the interactive sessions.  
Another approach is Automatic Repeat reQuest (ARQ), in which the receiver will notice a 
lost sample when a larger timestamp or sequence number is recognised than expected 
in the newly received packet. This approach is also more suitable for collaborative 
environments, rather than for bilateral telepresence. However, in the haptic tele-
operation which is the environment under this study, a new NACK-based approach will 
be introduced which is based on a periodic transmission of key updates. This approach 
will be further discussed in this chapter.   
3.1.3.5. Smoothed SCTP and Light TCP 
S. Dodeller [57] have compared several transport protocols for haptic 
communication in his thesis. The protocols include UDP, TCP, SCTP, his modified version 
of SCTP called smoothed SCTP and his own proposed transport protocol called Light TCP. 
While both lather methods are based on key updates and their acknowledgment, the 
smoothed SCTP smooths the jitter out by exploiting a queuing technique on the receiver 
side, but the Light TCP leaves this issue unsolved because it uses the FIFO in the sender 
side. Smoothed SCTP, however, uses NTP for synchronization between the workstations, 
which is basically not guaranteed to have the fine-enough resolution required for haptic 
application; the resolution is about few milliseconds which can be easily increased in 
multi-session environments. 
On the other hand, the Light TCP has been shown to support aggregation as well 
as the standard TCP, which makes it in the second place of reliability after TCP in this 
benchmark. Aggregation in the transmission of the samples means that an updatable 
queue has been used instead of normal FIFO (First-In-First-Out) queue. An updatable 
queue allows any sample of higher priority (e.g. Key update, unacknowledged sample, 
etc.) to be inserted in the middle of the queue appropriately instead of being appended 
to the tail of the queue. According to the proposed algorithm for managing the updatable 
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queue, the computational time of the proposed protocol is rather high, so it would 
inherently increase the round-trip time (RTT) delay in haptic telepresence. Moreover, the 
protocol uses classic TCP packet indexing and acknowledgment which conceive 
unnecessary network bandwidth hence reduces the efficient haptic data throughput.  
3.1.3.6. PAHCP 
Predictive Perception-based Adaptive Haptic Communication Protocol (PAHCP) 
[58] has been proposed as a middle-layer protocol (between application and transport) 
over the UDP. The protocol has been introduced as a modified version of smoothed SCTP, 
in which the NTP is used for synchronization purpose. Using Tag-Length-Value (TLV) 
packet format for different stimuli (position, velocity, and force) transferred between the 
master and slave in haptic tele-presence, this protocol proposed a sort of event-based 
variable-length haptic data transmission which reduces the overall network traffic. To 
alleviate the jitter problem, the author proposed buffering in both sender and receiver, 
comparing to the smoothed SCTP which exploits a queue in receiving side. Regardless of 
the perceptual analysis study in that research which obtained almost the same results as 
the former studies in the literature suggest, the contribution does not include any frame 
format nor acknowledgment scheme which are required for such protocol.   
3.1.4. Application Layer Protocols 
Due to perceptual and prediction analysis techniques commonly used by 
researchers in haptic data communication, there are some network protocols tending to 
be fitted and implemented in the application layer. Although the real-time requirements 
of such applications urge the higher priority of processing, ease of implementation, test, 
and debugging as well as simple linkage and access of other applications like User 
Interface (UI), recording, and data analysis justifies the selection of this layer for such 
protocol implementation. In this section, some proposed application-layer protocols for 
haptic operation have been surveyed.   
3.1.4.1. RTP/I 
Real-time Application-Level Protocol for Distributed Interactive Media (RTP/I) 
[59], is closer to the requirements of haptic applications rather than its ancestor RTP as 
its name suggests. Distributed interactive media comprise both network communication 
and user interaction for the corresponding application. An example of interactive 
application is a shared whiteboard or distributed animation in which the state of the 
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objects in the shared environment may be affected by all the participants involving in the 
distributed multicast session. The classification of interactive media and the unified 
framework provided in this protocol to generalize it among different applications instead 
of restriction to a specific one (like computer games and shared whiteboard) are the 
conspicuous advantages of this protocol. 
Despite the generic design behind RTP/I protocol and its capability for 
synchronization and scalability, it lacks the support for a bilateral operation which is 
crucial in haptic applications. By the other words, RTP/I is more suitable for multi-cast 
distributed interactive applications where any change in the shared object state takes 
place in one direction, from the participants to the object; while in the haptic tele-
operation any changes in the slave object position may have a force response to the 
master which should be displayed ideally at the same time.      
3.1.4.2. ALPHAN 
The most recognized network-related feature of the Application Layer Protocol 
for Haptic Networking (ALPHAN) [60] as described by its introducers is the multi-buffering 
technique in sender side. For each object in the collaborative haptic environment under 
study including haptic or graphical objects, there have been proposed double buffer: one 
queue for sending the stimuli and one queue for retransmitting unacknowledged (lost) 
samples. Moreover, the concept of separation of key updates and normal updates has 
been also attributed to this protocol. Although the utilization of double-buffer for each 
object imposes the memory cost and its management bother to the whole system, the 
authors declared more flexibility in retransmission of various updates for different 
objects as the key advantage of this protocol. In addition, it has been promoted that this 
gain is more achievable when the objects are independent in the collaborative 
environment. Another advantage of this technique has been identified as the possibility 
of prioritizing the different buffers based on the significance of the possessing objects in 
the multi-casting environment.  Nevertheless, the protocol as announced by its inventors 
is more suitable for a multi-object collaborative haptic environment rather than a tele-
operation, as it has a relatively large header overhead in the frame structure, huge 
memory requirement in multi-buffering for reliability purpose, and bothersome job in 
retransmission handling. 
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3.1.4.3. HoIP 
In Haptic over IP Protocol (HoIP)[61, 62], the designer tried to compose dead-
band analysis technique with the multi-threading implementation technique in the 
application layer to reduce the latency hence improve the transparency of haptic tele-
presence. While the adaptive sampling method as the perceptual analysis technique for 
sample reduction has no conspicuous improvement over the background research 
discussed in the literature, the proposed frame structure has no room for a timestamp 
or any other time-relevant feature to support jitter elimination either. On the other hand, 
although there have been designed sending and receiving queue for the upper layer (over 
UDP) in the sender and receiver module respectively, no key update strategy or any other 
specific queueing mechanism specified, hence the potential redundancy in packet 
retransmission may increase the undesired network traffic. Therefore, the proposed 
protocol could not be recognized nor proved to be suitable for a stable transparent haptic 
tele-operation. 
3.2. Proposed Transport Protocol (HTCP) 
Attributes, features, and methods comprised in the Haptic Transmission Control 
Protocol (HTCP), which is proposed in this thesis for haptic tele-operation, are described 
in detail in this section. According to the literature review, Transport Layer has been 
identified as the best layer to accomplish the transmission control of the haptic data in 
this study. Because the timing control of the packet streams and the reliability constraints 
of the haptic tele-operation require higher priority level for the operation processes. 
Moreover, there is a built-in support for system calls in the kernel-level in this layer rather 
than the application layer in both linux-based and Microsoft Windows operating systems. 
Nevertheless, the target for implementing such transmission control protocol as well as 
data acquisition parts is an embedded operating system like embedded-Linux or 
Raspbian. 
The other distinguishing features of this protocol, some inspired by different 
protocols studied above and some proprietary innovated here, have been listed as 
following: 
• Separation of Key Updates and Normal Updates: For the position 
adjustment in the admittance (slave) device, there are periodic key 
updates of which their loss is recognized as a specific time-out in the 
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receiver runs over. In this case, the admittance device will request the 
Key Position Update sample by sending a NACK packet conceiving 
Normal Force Update to the impedance (master) device. For the force 
signal back to the impedance device, the system has the option (which 
can be selected before the session starts) to send periodic Key Updates 
as well.  
• NACK-based transmission control: As described before, there are two 
major schemes for transmission control: ACK-based and NACK-based. In 
this protocol, a NACK-based approach has been opted to reduce network 
traffic and hence the average transmission latency. Nonetheless, NACK 
packets are created and transmitted to the sender only in the recognition 
of lost Key-Update packets for both position and force signals. Since 
there are no periodic Key-Updates for velocity signal, no NACK is 
generated for transmission control of this signal. However, all the lost or 
dropped velocity samples may be repaired for this signal. 
• Sequence number: There is separated sequence number for all the 
haptic stimuli signals (including position, velocity, and force), which is 
incremented whenever a sample is passed from the perceptual dead-
band filter in the sending device; i.e. position and velocity samples in the 
impedance device and force in the admittance device. The sequence 
number in this protocol has a different meaning and application than in 
traditional TCP protocol. Here, any interruption in the sequence number 
can be interpreted as a lost sample which can be further repaired in the 
destination by prediction techniques. So, there is no need for an ACK nor 
a NACK for the lost normal updates. However, the dropped samples are 
the absent samples recognized by the receiver when the difference 
between timestamps of two adjacent samples of one stimulus is multiple 
of the stimulus sampling period. 
• Timestamp for all packets: both kind of packets, i.e. sample and 
controlling should have a timestamp to be further used for 
synchronization and prediction purposes. 
• TLV-based event-driven packets: events are reported in Tag-Length-
Value scheme, so the average size of the packet would be optimized. 
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In the rest of this section, the features described above and all the methods 
involved in the protocol will be described in detail. 
3.2.1. Event-based packet transmission 
As discussed above, due to optimizing the packet size and saving required 
bandwidth in haptic tele-operation, the packet transmission is accomplished in an event-
driven scheme instead of a periodic method. In this approach, every time an event (or 
some simultaneous events) occurred in either side of tele-operation, a packet comprising 
the event(s), tagged with the current timestamp and appropriate sequence number(s) is 
prepared and sent to the other side. With the aid of time-stamp, the transmission control 
protocol in either side could better track the sample stream and synchronize the 
operation with the other side, rather than in periodic data transmission scheme. By the 
other words, in periodic data transmission protocol, both master and slave stations must 
be firstly synchronized with some other protocol like NTP, to detect any packet-lost due 
to network impairments. Therefore, another advantage of the event-based approach is 
to eliminate the need for running other protocol for synchronization, so the whole 
protocol might be built more efficient. Following are discussed some sorts of the events 
caught and reported in haptic tele-operation: 
• Normal Sample event: This event or update occurs when a new 
perceivable stimuli value is sensed from the force or movement (position 
or velocity) sensor in admittance or impedance station respectively. That 
means every output of perception analysis filter is a new sample event 
to be sent to the other side of the operation. Since there might be no 
perceivable changes according to the Weber law discussed earlier in 
chapter 2 for a long duration of time, timestamp will be useful to keep 
track of the sample signal. In addition, to distinguish between lost 
(because of network impairment) and dropped (because of perceptual 
analysis) samples, a sample sequence number is automatically generated 
(incremented) for every stimulus separately. When the receiver, receives 
a stimuli sample with the larger sequence number it founds that the 
missed sample(s) carrying missed sequence number(s) have been lost. 
Otherwise, any sample(s) between two adjacent ones, regardless of the 
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duration of time left in between, have been dropped according to the 
dead-band analysis. 
• Key update event: This event is sent periodically (with an adjustable 
period of 200ms) from master to slave, carrying the position signal, and 
from slave to master, carrying force signal. As discussed before, any lost 
sample recognized by either side is going to be reported to the other side 
with a NACK packet carrying the opposite stimuli. For example, if the 
admittance does not get the key update event in the specific time, it 
reports this lost to the impedance side with a NACK packet carrying a 
force sample (and or any other non-sample events). This policy has been 
taken to reduce the number of packets as much as possible. 
• Control events: On the other hand, there are some control events which 
are produced by the application layer to control or retrieve the status of 
tele-operation sessions. These events which are considered as a Key 
Update stream are listed as followings: 
o StartStimulus: Registers a stimulus stream in the protocol. Once 
the protocol receives such event, it prepares the appropriate 
data structures and settings for the stimuli. 
o SetKeyUpdate: Enables or disables a specified stimulus as a Key 
Update stream. 
o HStart: Starts the haptic tele-operation session. 
o HReset: Resets the time-stamp and sequence number of all 
stimuli registered in the node, and sends the event to the other 
side to do the same. 
o Halt: Suspends the operation in the node and sends the event to 
the other side to do the same. 
o GetLocalTS: Retrieves the local time-stamp. 
o GetRemoteTS: Sends the event to the other side to retrieve the 
time-stamp of the remote node. 
o ReceiveEvents: Retrieve the latest event received and logged for 
a stimulus, although the normal way of sample receive is via call-
back notification functions registered in the connection socket. 
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3.2.2. Frame Structure 
Figure 3.1 demonstrates the frame structure for Haptic Transmission Control 
Protocol (HTCP) proposed in this thesis. The frame structure has been designed such that 
it supports all the events discussed above and can be used for haptic studies with up to 
32 degrees of freedom. The frame length varies according to its content from 5 to 16K 
bytes. Source and destination ports and Payload length fields are similar to the 
corresponding fields in the TCP frame, but the Time-stamp field which was optional in 
TCP is mandatory field here.  
Source 
Port 
Destination 
Port 
Time-
Stamp 
Payload 
Length 
Frame Payload Chain of 
Haptic Events (HE) 
2 Bytes 2 Bytes 4 bytes 2 bytes variable 
Figure 3.1: Frame Structure for Haptic Transport Control Protcol 
Payload field contains an array of haptic events each of which are organized in 
the template suggested by Figure 3.2. The event structure (TLV) has been designed to 
support all the events discussed above and to be used for haptic sessions with up to 32 
degrees of freedom. The length of event payload message varies according to its value 
length from 6 to 69 bytes. Since this protocol has been designed and experimented only 
for haptic tele-operation, the stimuli labelled in the frame structure are only Position, 
Velocity, Acceleration, and Force. However, there is enough room to add three extra 
sample types like multimedia streams to the frame. The whole length of the packet frame 
could be up to 65535 bytes which cover all possible events for up to 32 degrees of 
freedom. “Request For Key Update” (RFKU) events are sent back from the receiver of Key 
Stimuli to the sender in the case of Key Update packet loss. Therefore, the value field of 
RFKU events is left void. 
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Sequence No. Tag Length Value 
4 Bytes 10 bits 6 bits Variable 
(a) 
Tag Value 
Event Type Stimuli Type Degree of Freedom (DoF) 
or Control Flag (CF) 
2 bits 3 bits 5 bits 
     (b) 
 Event Type 
00 Normal Sample 
01 Key Update 
10 Request For Key Update (RFKU) 
11 Reserved for Future Use (RFU) 
(c) 
 Stimuli Type 
 000 Control 
001 Position 
010 Velocity 
011 Acceleration 
100 Force 
others RFU 
 
   (d)            (e) 
Figure 3.2: Haptic Event Structure (a), Tag Value (b) used in (a), and value of flags (c through e) used in (b) 
 
 
 
 
 
 
 Control Flag 
00000 NOP: No Operation 
00001 HReset 
00010 Halt 
00011 Echo 
00100 GetTimeStamp 
00101 HStart 
others RFU 
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3.2.3. Functional Specification 
Haptic transmission control protocol, as discussed earlier, lays in the transport 
layer between the application layer and IP in ISO OSI Model. As depicted in Figure 3.3, 
the layer serves application layer with some service functions and some notification 
functions. Service functions which are responsible for tele-operation session control are 
called by an application in the upper layer via HTCPCommand messages through a 
customized socket called HTCPSocket. Moreover,  notification services are implemented 
by some call-back functions in the HTCPSocket. These functions should be registered by 
the application at network initialization phase. The notification functions are called by 
the HTCPSocket in case of any receiving event triggered. The hearth of HTCP comprises a 
transmission controlling process and two sets of event queues for sending and receiving 
samples. The controlling process is divided into three parallel threads: Connection 
Control, Session Control, and Event Handling, which are discussed as follows.  
 
Figure 3.3:Haptic Transmission Control Protocol Architecture 
The HTCP layer is designed such that it can be used in the same way in both 
master (impedance) and slave (admittance) devices. Therefore, perceptual analysis is 
performed in the application layer while prediction analysis of haptic data samples should 
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reside in the transport layer. However, packet and sample tracking and synchronization 
between two haptic devices are implemented in HTCP and are transparent from the 
upper layer. That means HTCP has been designed as an inter-operable haptic-specific 
abstract transmission control layer which can be easily ported to any haptic device 
implemented on any platform.  
The service functions are divided into three categories: Connection Control, 
Session Control, and Event Handling. The service functions implemented in this layer are 
discussed in detail further in this chapter.  
3.2.3.1. Connection Control 
This thread performs almost exactly as the same state-machine of legacy TCP 
does, except that in the Established state, i.e. when a connection established, it passes 
proprietary haptic commands from the application layer to the Session Control and Event 
Handling threads. That means the master and slave devices in the haptic tele-operation 
would play the role of active and passive connectors in a TCP Client/Server application 
respectively. By the other words, the whole connection procedure is the same as TCP, 
which makes a reliable end-to-end two-port connection. Once the connection is 
established, the haptic session starts. 
3.2.3.2. Session Control 
The Session Control thread in this study is responsible for maintaining and 
controlling the haptic tele-operation session. This is separate from the normal session 
layer which lays above the transport layer in OSI model. The main role of this thread is to 
manage the data structures required for haptic stimuli of which the samples should be 
tracked by the Event handling thread. In addition, the thread is responsible for updating 
the local time-stamp and stimuli sequence numbers. In general, all the controlling events 
discussed above are handled by the Session Control thread. 
3.2.3.2.1. Synchronize 
This function initiates a synchronization packet exchange procedure between 
two end haptic devices. The supposed result of running this procedure is the finest 
synchronized common step for the timestamp increment and the average time-
difference in milliseconds between the local device and the remote (another end) device. 
As discussed earlier in this chapter, one source of the jitter over the session time in haptic 
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teleoperation is the difference between clock frequencies which the two devices operate 
with. It simply raises the jitter, if it is utilized for time-stamp generation in two systems. 
Although there are some traditional time protocols (like NTP) for this purpose, their 
resolution is at least a few milliseconds which is not suitable for haptic applications. 
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3.2.3.3. Event Handling 
Figure 3.4 shows the state diagram of Event Handling thread which is the heart 
of HTCP controlling process. Keeping it as simple as possible, it firstly checks all the 
normal and Key sending stimuli queues if there are any new updates or controlling events 
pushed by the application layer and if there is any receiving Key stimuli has been timed 
out and not received any update yet. Accordingly, it prepares Normal, Key, or RFKU event 
payloads and appends it to the HTCP packet. If it contains any payload, the prepared 
packet is sent to the destination through the lower layer (IP). Then the thread investigates 
all the receiving stimuli for any new update received from the lower layer. In that case, it 
passes Control Events to the session thread discussed above, and prepares the 
appropriated HTCPCommand message containing the sample and related information 
and send it to the upper layer for the normal and Key stimuli. 
Stimuli Event Handling
Sampling Period Trigerred?
For All Registered Stimuli
Not any more
Yes
Sending & Updtated Receiving & Key
Event Payload
Prepare an Event Payload
and put it in the Packet
Yes
Next Stimulus No
No
KUTimer elapsed and
Not Updated Yet?
Yes
Yes
Send HTCP Packet
If there is any Payload
Send HTCP Packet to IP Layer
For All Receiving and 
Updated Stimuli
Next Stimulus
Controling Event?
Session Manager
Process Controlling Event
Yes
No, it is Stimuli
Socket Manager
Prepare a HTCP Command
Message and send it up to
the Application Layer
Not any more
 
Figure 3.4: State diagram of Even Handling Thread 
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3.2.3.4. Controlling Process 
At the centre of HTCP, there is a controlling process which runs as a separate 
parallel process to the other network layers (application at the top and IP, data link, and 
physical the underneath) and is responsible for the following tasks: 
• Establishment and management of HTCP sessions as an end-to-end link. 
• Creation, management, and disposal of transmission (send and receive) 
queues. 
• Keeping track of time-stamps for all stimulus registered by the upper 
layer. 
• Creation and transmission of HTCP packets if applicable at each time-slot 
(time-stamp resolution specified by the upper layer). Since there might 
be no event reported by the upper layer in some time-slots, no packet is 
needed to be created and sent to the other side of operation 
• Keeping track of separate sequence numbers for each stimulus. 
• Receiving and unpacking HTCP packets, and dispatching the received 
events to the appropriate queues 
• Creation and transmission of NACK events in case the corresponding key-
update interval elapsed and no key-update of the relevant stimuli is 
received. 
• Notifying the upper layer (application) about the reception of an event 
by calling the registered callback function. 
Figures 3.5 through 3.9 depict the state diagram of the threads included in the 
controlling process. The controlling process comprises five threads, which run in parallel, 
to perform the roles specified above. The threads are called Session-Manager, Time-
Stamper, Packet-Sender, Packet-Receiver, and NACK-Controller. 
3.2.3.4.1. Session-Manager 
As shown in Figure 3.7, Session-Manager starts with receiver queues allocated 
for 100 entries, which can be expanded further in the rest of the session. If the upper 
layer calls EstablishCommand service, it will try to connect to a server as a client. 
However, if the upper layer calls SetupAsServer, it will go to the Listen state waiting for 
the connection request from a client. It will stay there until a connection request is 
received. Moreover, another vital service which is run by this thread is the Synchronize. 
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Once the upper layer calls this function, it sends an Echo packet to the other side and 
waits for the proper response 1000 times. If no timeout error occurred within the loop, 
the average delay between two stations will be calculated to be further used by both the 
HTCP layers in the operation sides. The average delay, then, is reported to the other side. 
Other commands like ReleaseConnection, Halt, Reset, and SetQSize are simply done as 
some single loop transitions in the Idle state, which are not shown in this figure for 
simplicity. 
Session Manager
Idle
Wait for Command
Qsize = 100; Allocate RxQueue
Already Connected
Yes/Error
EstablishConnection
No/Connect
Listen
Wait for Con Rqst
SetupAsServer
Valid Client
No
A Connection
Request
Received
Yes/Connect
Synch
Wait for Echo
Synchronize/
Send Echo Packet; 
Cntr=0; Delay=0;
Timeout/Error
Cntr>=1000
No
Received OK/
Delay += time-elapsed;
Cntr++
Synch-Done
Send Synch Packet(AD)
Yes/
Avergae Delay = Delay/2000
 
Figure 3.5: Session Manager Thread in HTCP Controlling Process 
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3.2.3.4.2. Time-Stamper 
Time-Stamper main job is to keep track of Time-stamp by a parameter called 
Time-Stamp Resolution (TSR) shown in Figure 3.6. Once started, the thread s initialized 
with TSR = 1 millisecond and starts a time with that value. However, the TSR may be 
changed by the application layer calling SetTSR service, which in turn restarts the timer. 
Moreover, every time the timer is over, it will be restarted and a timestamp is 
incremented by TSR as well. The time stamp and TSTimer trigger are utilized by the other 
threads within the HTCP controlling process for synchronization in packet transmission 
and other tasks. Another service which is implemented in this thread is GetRemoteTS, 
which communicates with the other side of the connection to get its timestamp. Here, 
the average delay (AD) calculated in the Synchronize service discussed above is utilized 
to transform the reported remote time stamp to the local time zone. 
Time Stamper
Idle
Wait for Command
TSR=1ms;
StartTimer(TSR)
TSTimerOver/
TS+=TSR;
StartTimer(TSR)
SetTSR(aTSR)/
TSR = aTSR;
StartTimer(TSR)
TSBack
Wait for TSBack
GetRemoteTS/
SendPacket(GetTS)
Timeout/Error
Received OK/
Return RemoteTS+AD
 
Figure 3.6: Time Stamper  thread in HTCP Controlling Process 
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3.2.3.4.3. Packet-Sender 
In its Idle state, Packet-Sender (Figure 3.7) is waiting for incoming commands 
from the upper layer or time-over trigger from TimeStamp timer discussed above. Calling 
StartStimuli service by the upper layer causes the receiver transmitting queue to be 
created and prepared for the specified stimuli. Moreover, once SendNormalUpdate or 
SendKeyUpdate services are called, it checks the corresponding queue. If the queue is 
prepared and ready to use, it pushes the event on the appropriate queue, otherwise, it 
returns a proper error value. However, the major task of this thread is to poll the 
transmitting queues for any event whenever the time-stamp timer overs, and if there is 
any event it packs them all into an HTCP packet and sends to another side of the 
operation. 
Packet Sender
Idle
Wait for Command
SStimuliCnt = 0;
SendQueue = empty
StartStimuli/
CreateSendQueue(stm)
SendNormalUpdate
TSTimerOver
Yes
Q Prepared?
Yes/Push
No/Error
Q Prepared?
SendKeyUpdate
No/Error
Yes/Push
Queues Are Empty
Transmit
Send Packet to the other side
No/Pack All
 
Figure 3.7: Packet Sender thread in HTCP Controlling Process 
 
 
 
52 | Haptic Data Transmission Control Protocol (HTCP) 
 
3.2.3.4.4. Packet-Receiver 
Packet-Receiver thread (Figure 3.8) listens constantly to the link for any packet. 
Whenever a packet is received, it extracts the events and dispatches them to the 
designated queues. If there is no queue prepared for a received stimuli sample, it will 
create and prepare a receiving queue for that stimuli and then pushes the event to the 
queue. Moreover, if the upper layer calls offline service the ReceiveUpdate, it checks the 
relevant queue for an update, and if there is any it will return it and remove it from the 
queue. On the other hand, as discussed earlier in this chapter, there is also another way 
to retrieve the updates instantly by their arrival. For this purpose, 
SetNotifyUpdateFunction service registers a callback function implemented in 
application layer for a specified stimuli. Afterwards, in case there is any event in receiving 
queues, the corresponding notification function will be called by this thread. 
Nonetheless, if the function returns true, it means that the event has been processed by 
the upper layer and the thread will remove (pop) it from the queue. Otherwise, the event 
will remain at the top of the queue. 
Packet Receiver
Idle
Wait for Command
and Wait for Packet
RStimuliCnt = 0;
RxQueue = empty
SetNotifyUpdateFunction/
Register the function
ReceiveUpdate
A new Packet Received/
Unpack
Yes/Push
Push
RxQ Empty?
No/
Return Sample;
Pop
Yes/Error
For all samples:
NotifyFunc
Registered
RxQ not Empty
No
Yes
For all samples:
RxQueue Prepared?
CreateQ
Create Rx Queue
No
Call-back
Call NotifyFunc
Return Value
False True/Pop
 
Figure 3.8: Packet Receiver thread in HTCP Controlling Process 
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3.2.3.4.5. NACK-Controller 
Lost key updates are identified and the relevant NACK packets are prepared and 
sent by the NACK-Controller thread (Figure 3.9). SetNACK service as described above is 
implemented in this thread. In addition, NACK-Interval Timer (NITimer) is set and 
watched at the Idle state. Whenever the timer elapsed, NACK stimuli sequence number 
is checked against the previous trigger. If the sequence number has not been progressed, 
that means a key update has been lost in the network, hence a NACK packet should be 
prepared. In the NACK state, the prepared packet is sent to the other side of operation, 
and control of the thread moves to the Idle state. 
NACK Controller
Idle
Wait for Command
or NITimer
NACKStm = None;
NACK Interval = 0;
SetNACK/
NI = NACKInterval
NACKStm = aStm
Init NACK SqNo
NITimer Over/
StartTimer(NI)
Yes
NACKStm Sequesnce Number
Updated?
NACK
Send NACK Packet
No/Prepare NACK Packet
 
Figure 3.9: NACK Controller thread in HTCP Controlling Process 
There are some other initializations, setup, and house-keeping procedures and 
functions which do not affect the state of described events. These functions, as well as 
the rest of services discussed above, are implemented as utility function and provided to 
the upper layer as the application programming interface (API) library. 
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3.3. Implementation In Omnet++ iNet Framework 
OMNeT++ has been introduced [63] as a network simulation tool since 1997 and 
have been widely used by academic and industrial entities for this purpose. There are a 
variety of general and application-specific models provided for this tool. One of the most 
general and complete simulation models is the iNet framework [64], which is free to 
download for academic research. The iNet framework includes an almost complete range 
of protocol implementations in different OSI layers for both wired and wireless networks 
compliant with relevant standards. In addition, some protocol-independent classes like 
Messages, Packets, Sockets, Hubs, RoutingTables, Routers, and Switches are available for 
network programmers. The researchers can customize and combine these classes into 
their desired object model for any application-specific network simulation. 
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One of the most referring compound modules in this framework is the 
StandardHost, which comprises a complete network stack including application, 
transport, and network layer modules. As the Figure 3.10 suggests, this research has 
added two new components to this module named HTCP and HTCPApp, which are 
indicated with purple ovals. HTCP has been added in the transport protocols package 
besides other former standards like TCP, UDP, and SCTP. HTCP is the heart of Haptic data 
transmission control protocol which aggregates HTCPConnection in order. 
HTCPConnection is actually the class in which all the controlling process, including 
threads, and data structures discussed above has been implemented. HTCPConnection is 
connected to the application layer classes HTCPMaster and HTCPSlave via the 
HTCPSocket class. HTCPSocket is a modified version of TCPSocket which declares a new 
notification call-back interface to be registered by the application layer. Therefore, it is 
responsible for dispatching both HTCP commands and TCP commands between two 
layers and calling back the registered functions of the application.  
 
Figure 3.10: Modifications made in Standard Host of Omnet++ towards supporting HTCP as a transport 
layer 
 Like any other protocol, there are some packet and message definition in newly 
developed classes of HTCPCommand and HTCPEventPacket. The former defines the 
command exchange between application and transport layers, while the lather one 
defines the HTCP frame structure for transmission of the events between master and 
slave stations over the network. HTCPMsgBasedRcvQueue and 
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HTCPMsgBasedSendQueue are two classes defined for implementing the receiving and 
sending queue structures defined in the section 3.2. 
HTCPApp class, on the other hand, represents the class in which the tele-
operation application is developed. Therefore, it has been added to the application layer 
package besides other former classes like tcpApp, udpApp, sctpApp, and pingApp. In this 
class, HTCPSocket has been aggregated to establish the teleoperation session. Also, the 
main role of this class is to simulate the movement of user in a trajectory in the master 
and force response is the slave. In this research, a sinusoidal trajectory for the master 
and a spring for the slave have been chosen.   
3.4. Simulation Results 
Establishing a tele-operation session between two stations (Figure 3.11) with a 
sinusoidal trajectory of one degree of freedom, the results of running the simulation for 
a single tele-operation session with three separate transport protocols (TCP, UDP, and 
HTCP) are shown in Figure 3.12. 
 
Figure 3.11:Simulation of tele-operation session within Omnet++ environment 
In this study, as discussed above, the application layer in the master and slave 
devices are responsible for sample generation and display as well as utilization of 
perceptual analysis techniques. Also, the position signal in the Master device has been 
set up as a Key Update with 250ms update period, while the normal sample rate is 1ms. 
In addition, the velocity signal is a normal update which is passed through a Weber's-law-
based perceptual analysis with 𝜅𝜈 = %10. Also, the force signal on the Slave device is set 
up as a normal update and is passed through a Weber's-law-based perceptual analysis 
with 𝜅𝜈 = %10). The session lasts 25 second which generates 25,000 raw samples. 
It is obvious that TCP with even small values of Packet Error Rate (PER=%1 shown 
in Figure 3-12-a and PER=%2 shown in Figure 3-12-b) does not suit this sort of 
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applications. Because, once a sample or its acknowledge is lost the protocol tries to 
resend it, and that consequently causes later samples (events) in the queue to be 
postponed or expired. Therefore, the result would be such as curve overshoots in 
receiver as depicted in red colour. Hence, The major problem with this protocol is the 
acknowledge processing for every single event, which causes long delay and packet loss 
for the ongoing high-rate samples. It means that when a packet loss occurs, the sender 
is notified when the corresponding acknowledge is missing, so the next several samples 
will lose the chance of acceptance by the receiver as the time-stamp flies. This effect has 
been shown in the image by the long deviations from the original trajectory occurred in 
the slave one. 
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Figure 3.12:Trajectory of the end-effector in master and slave devices in tele-operation as a result of 
running on different transport layer protocols: a) TCP with PER=1%, b) TCP with PER=2%, c) UDP with 
PER=21%, and d) HTCP with PER=21% 
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On the other hand, UDP and HTCP demonstrate better results yet with a larger 
value of PER (21%). Also, it has been shown that using UDP protocol, the Slave device 
lacks to correlate the original trajectory as it does when the proposed HTCP is used for 
the transport layer. Some sample points of miss-correlation have been indicated with the 
grey arrows. These points are where the Key-Update samples have been dropped due to 
simulated network impairments. The NACK technique introduced in the HTCP improved 
the accuracy of resulting trajectory by compensating the lost Key sample with a new one 
as soon as possible. Also, the HTCP can determine the number of lost samples between 
two subsequent receiving samples and use this information to in the prediction analysis 
technique to correlate the resulting trajectory to the original one. 
Figure 3.13 compares utilization of UDP and HTCP for transport layer in the haptic 
tele-operation study in terms of PSNR metrics. The reason behind choosing PSNR as a 
measure of comparison, it that is the best common-agreed metrics to show the 
correlation of the master and the slave trajectory. The higher PSNR, more accurately the 
slave (remote) end-effector travels like the master (local) does. While the Median 
Filtering technique with window size = 7 is used for the prediction analysis in the Slave 
device, the HTCP runs more accurate rather than UDP by the average of 5dB.  
 
Figure 3.13:Comparison of the HTCP and UDP accuracy in terms of PSNR 
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3.5. Conclusion and Remarks 
Transmission of haptic data in different types of haptic application such as 
collaborative, cooperative, and tele-operation has been discussed in this chapter, and the 
major concerns have been identified as stability, transparency, and reliability. Network 
impairments such as packet loss, constant delay, and jitter have been shown to 
deteriorate vital requirements of a reliable, transparent, and stable haptic application 
over the loosely-coupled packet-switched network. Based on these preliminary 
definitions and concepts, some criteria have been introduced for both the layer and the 
operating system (OS) platform on which a customized application-specific transmission 
control protocol might be developed. At the outset, Packet tracking and sequencing, 
reliability requirements, scalability of the service, and synchronization capability are the 
most significant criteria for choosing appropriate network layer. On the other hand, a 
suitable operating system candidate for such applications should support multi-threading 
and multi-processing, real-time executive entities, and fine-grained time slicing. 
Therefore, it has been concluded that transport layer in wired or MAC layer in wireless 
networks and Linux-based operating systems are best choices for haptic applications. 
Further, in the literature, a survey of all research work since before the year 2000 
on transmission control protocol for real-time and/or haptic applications has been 
reviewed. Although some of them have been implemented in the application layer, the 
rest of renowned works have been proposed for the transport layer. However, none of 
them have been justified for the data link nor the physical layer, because the protocol 
should be flexible and accessible enough for the application layer. 
The proposed protocol in this thesis, called Haptic data Transmission Control 
Protocol (HTCP), has been classified to be a transport protocol. It acts like the traditional 
TCP from the initiation until the established state. Once a reliable connection has been 
established, the haptic tele-operation session is started and stimuli samples are 
encapsulated in the proposed HTCP frame packets which are traveling between the 
Master and Slave devices. HTCP frame is configurable and flexible in the structure, so the 
maximum optimization in bandwidth can be achieved. The protocol, implemented and 
simulated in Omnet++ INET framework, includes transmitting and receiving queues, a 
controlling process, and a prediction analysis engine. 
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The results of simulation show that using HTCP as the transport protocol, the 
resulting trajectory in the Slave device is the most correlated one to its original in the 
Master device, comparing to the utilization of TCP. The accuracy of this correlation will 
not drop 45dB with the Packet Error Rate (PER) of up to 25%. This reliable protocol still 
acts better than fast-and-unreliable UDP by the average of 5dB in a one degree-of-
freedom (DoF) session.  
There are still rooms for development, as the HTCP establishes a reliable end-to-
end connection which UDP does not. Also, as the number of stimuli increases (which 
means a tele-operation with higher degrees of freedom) or other cooperative master 
stations are involved into the operation, some other problems like synchronization and 
congestion control should be studied for the proposed protocol.    
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Chapter 4 
 
4. Perceptual Analysis 
The human touch sensory system is known as the most sensitive in terms of 
human perception [38]. That means both the accuracy and sample rate of the haptic data 
are high. Accuracy means that any change in force or motion stimuli larger than %10 of 
the stimuli amplitude is sensible by the sensory system. Meanwhile, the minimum sample 
rate for a smooth haptic application is 1000Hz. That means the turn-around time in tele-
operation should not exceed 1ms. Therefore, there is no choice but to reduce the number 
of samples to obtain more smoothness in far distant operations.  
The main methods to reduce the size of haptic data stream are focused on 
perceptual and prediction analysis of haptic data. By the perceptual analysis, the existing 
methods rely on Weber’s Law to eliminate unperceivable force (and/or position) data [4].  
The Weber Law suggests that the human is able to feel the difference in force, wherever 
it is less than a fraction of the force amplitude. It has been shown by experiments [39] 
that this fraction is around 10%. However, this coefficient is subject to change by the 
force, velocity and/or direction (rx, ry, rz, pitch, yaw, and roll) [16, 65, 66]. Recently, some 
researchers tried to go beyond the Weber’s Law in some applications [67] to obtain 
higher data reduction and therefore achieve higher compression ratio. 
 
4.1. Introduction 
Peter Hinterseer, et al.  [4, 68-71] have done a fundamental study on the 
psychophysical aspect of haptic data, to reduce the data size in transmission based on 
the perceptual analysis. In [68] they presented a method using passive dead-band 
transmission approach based on Weber’s law [70] to reduce the packet transmission rate 
in a tele-presence and tele-action (TPTA) system. In this approach, only data packets with 
the changes more than a threshold value proportional to the signal amplitude, are 
delivered over the network. Rest of their study in this research was to determine the 
threshold value by psychophysical experiments. By their approach, they reached a 
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considerable data reduction rate (up to 90%) without sacrificing fidelity and immersive-
ness of the system. They have suggested, their proposed algorithm is more suitable for 
Force and Velocity data rather than Position data. For position data, they rely on the 
haptic display device’s resolution, while for Force and Velocity data they suggested 
equations (1, 2): 
𝜖(𝑣) = 𝑝. 𝑣 
𝜖(𝑓) = 𝑝. 𝑓 
where, the value of p has been extracted by their psychophysical experiments. 
𝜖(𝑣) and 𝜖(𝑓) are the amounts of velocity and force thresholds. That means, any sample 
with the value lower than the last value plus/minus this threshold, could be neglected.  
They have considered passivity of the whole TPTA system as the main issue in 
stability control (Figure 4.1). When the whole system is passive, i.e. energy is not 
generated within the system, it is stable. A system is passive whenever all its partial 
subsystems to be passive. They introduced a modified hold-last sample approach as in 
(3, 4) where they have shown their algorithm, is going to be always passive (5). 
𝑣𝑡
𝑑(𝑡) = 𝑣𝑡
𝑑(𝑡 − Δ𝑡) − 𝑠𝑖𝑔𝑛{𝑓𝑒(𝑡)}. 𝜖(𝑣)   (3) 
𝑓ℎ
𝑑(𝑡) = 𝑓ℎ
𝑑(𝑡 − Δ𝑡) + 𝑠𝑖𝑔𝑛{𝑣ℎ(𝑡)}. 𝜖(𝑓)   (4) 
∫ (𝑣ℎ𝑓ℎ
𝑑 − 𝑣𝑡
𝑑𝑓𝑒)𝑑𝜏
𝑡
0
≥ 0        ∀𝑡 > 0   (5) 
Their experiment benchmark has been done by 14 human subjects (aged 20-50) 
and a TPTA system consists of two identical 1-DOF display device (one in each end). The 
subjects were presented a triple 20s force-feedback iteration set. One of the iterations 
was randomly selected to apply the dead-band with p=2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 
17.5%, 20%, 22.5% and 25%. In each presentation, the subject was asked if s/he sensed 
any difference between iterations. The procedure has been done in 3 passes for each 
subject and the average has been calculated. The data reduction with p=10% have been 
shown to be optimal and unperceivable (or at least hardly perceivable). By this 
threshold, the amount of data reduction for velocity is 75%, while for the force data is up 
to 90%. 
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Hinterseer [69] proposed a model-based prediction method for the 
reconstruction part of the data compression engine. In this research, the signal prediction 
model was implemented as a simple linear predictor, i.e. the velocity or force omitted 
sample (by perceptual analysis) is estimated by the slope given by the last two received 
signal values. 
They have shown that using the prediction model instead of the hold-last-sample 
method, makes more reduction (up to 5%) in velocity and force data, without causing 
any defect in immersive-ness. 
To apply the algorithm to 3 degrees of freedom, the author found the problem 
with uncorrelated components in the Cartesian system. That means when an stimulus in 
one degree is high (e.g. high speed in X), its amount on the other degrees may be low 
(e.g. low speed in Y or Z). Then based on Weber’s perceptual law, the data packet should 
be transmitted in almost any sampling period. This consequently decreases the packet 
and hence data reduction rate. 
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Figure 4.1:Tele-presence system architecture with dead-band and data-reconstruction [42] 
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To overcome this problem, Hinterseer has introduced deadzone control for 
multiple degrees of freedom [4, 70]. In the deadzone approach, the stimuli vector length 
for each data type (velocity or force) is compared with previous sample vector length. 
Hence, for example for 2-DoF (Figure 4.2), a circle and for 3-DoF, a sphere of radius equal 
with dead-band serve the deadzone.  
The author also calculated the maximum angle where the dead-zone is violated 
as (6): 
𝛼𝑚𝑎𝑥 = 𝑠𝑖𝑛
−1 𝑝  (6) 
And the vector length of stimuli at this angle (7): 
|𝒗𝑐𝛼𝑚𝑎𝑥 | = 𝑐𝑜𝑠 𝛼𝑚𝑎𝑥 . |𝒗𝒊| = 𝑐𝑜𝑠 𝑠𝑖𝑛
−1 𝑝. |𝒗𝒊| (7) 
Then, Hinterseer concluded that regardless of the stimuli magnitude, we can 
decide for new packet transmission based on the constant threshold angle (𝛼𝑚𝑎𝑥) 
whenever the direction is the only concern. 
In this research, he also extends his experimental study with the subjects to find 
the proper dead-band for velocity and force in a 3D virtual environment. In this extension, 
subjects were asked to rate their feeling about the force and/or velocity accuracy, instead 
of just saying yes or no. His study results indicate that for both velocity and force, 5% 
dead-band is suitable. 
Figure 4.2: Illustration of Dead-Zone for two degrees of freedom [4] 
66 | Perceptual Analysis 
 
Hinterseer has shown by experiment that his approach in three-dimensional 
haptic data reduced velocity packets by 75% at 20% dead-band, and force packets by 90% 
at 5% dead-band.  
Kammerl and Steinbach [3] have shown that combination of JND concept and 
predictive coding and applying to the offline recorded data from a tele-manipulation 
system, result in data reduction of upto 99% without any loss in user’s immersive-ness 
during playback of the haptic data streams. They found some energy concentration and 
band limitation in force and velocity haptic data signals, mostly in low-frequency 
domains. As a result, they found a strong correlation between adjacent samples of haptic 
data signals. This temporal locality is the concept they found to predict new or lost 
samples close to the actual values with high probability. Combining this fact with the 
perceptual analysis improves reduction rate of the perceivable data signal, formerly 
encoded regarding the Weber's JND law. For prediction phase they introduced first-order 
linear (slope) predictor. 
Kammerl et al. [15] presented a theoretical analysis for Weber quantizer: a binary 
tree structure based on the decision: either sending the incoming sample (first sample 
and all Weber’s-law-violating successors) or lying within the Weber threshold, i.e. 
[(1 − 𝑘)𝐼, (1 + 𝑘)𝐼] where 𝑘 is the threshold parameter and 𝐼  is the stimuli (force or 
velocity). By this method, they aimed to estimate the probability of violating the Weber 
threshold at a certain sampling period of a given signal. 
Kammerl et al. [16], introduced a velocity-adaptive perceptual analysis for force 
data which has been illustrated with (8): 
𝜙 = 𝑘 +  𝛼?̇? (8) 
where, 𝜙 is the new velocity adaptive threshold. If 𝛼  is set to zero, the threshold 
will be the constant 𝑘 which complies with the former Weber’s law. They set up an 
experimental benchmark with the human subjects and circuitry for changing and 
applying threshold parameter 𝑘 and velocity adaptation coefficient 𝛼. Based on their 
experiment results, the preferred proper value for 𝑘 and 𝛼 have been detected 0.06 and 
0.15 respectively.  
Kammerl and his colleagues [72] introduced an error-resilient perceptual 
communication scheme which uses a probabilistic model of the perceptual dead-band 
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receiver. Their research is based on the opinion revealed by experiment that the signal 
error in the perceptual dead-band compression scheme exhibits a Gaussian-like 
distribution, even if packet loss effect is involved. So, the receiver’s next state (sample) 
mean 𝐡𝑛+1̅̅ ̅̅ ̅̅  can be estimated by (9):  
𝒉𝑛+1̅̅ ̅̅ ̅̅ = (1 − 𝑝). 𝒉𝑛̅̅̅̅ + 𝑝. 𝒉𝑛+1  (9) 
By considering the sample mean values 𝐡𝑛+1̅̅ ̅̅ ̅̅ and 𝐡𝑛+1𝐡𝑛+1
𝐓̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅, an estimate of the 
covariance matrix Ĉ𝑛+1 can be determined by (10).   
?̂?𝑛+1 = 𝒉𝑛+1𝒉𝑛+1
𝑻̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ − 𝒉𝑛+1̅̅ ̅̅ ̅̅ . 𝒉𝑛+1̅̅ ̅̅ ̅̅
𝑻
  (10) 
The uncertainty of the current receiver state estimation is expressed by this 
matrix. That means whenever the det (Ĉ𝑛+1) is less than small threshold 𝜖, the sample 
mean 𝐡𝑛+1̅̅ ̅̅ ̅̅  can be a good estimation of the current receiver state ?̂?𝑛+1. So, to decide 
reliably on the transmission of additional packets, it is a good idea to evaluate the sample 
mean 𝐡𝑛+1̅̅ ̅̅ ̅̅  perceptually at the sender. They have shown by experiment that their 
approach based on Gaussian error model at the receiver can compensate significant 
packet loss up to 60%. Another advantage of their approach is that it works in real-time 
with reasonable computational effort and low complexity, without inquiry for 
acknowledgment feedback. 
While the error-resilient method for backward (feedback) channel in perception-
based  haptic data compression and communication has been introduced, Brandi et al. 
[73] studied effects of packet loss in forwarding channel. That is how this loss is perceived 
by the human (operator) and affects the remote operator (tele-operator). The major 
differences between forwarding and feedback packet (or sample) loss are recognized by 
the authors as: first, in the case of force packet loss, the operator can compensate the 
lost packet and keep the control of the whole system; and second, the packet lost in 
forwarding channel to the tele-operator will affect two signals (position and velocity), 
while packet loss in backward channel may affect only on one signal (force). Packet loss 
in position and signal signals in tele-operator side are investigated in their study to cause 
three major artifacts: stylus (end-effector) drifting, stylus jump, and replacement of the 
workspace. They remained the solution to these problems as a major research work for 
follower researchers. 
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Wu et al. [65] have set up performed an experimental study to show how the 
velocity of end-effector affects the controllability and robustness of the tele-presence 
system. In their study, they have discovered by experiment a threshold value for the 
human force over which the control of applied force would be non-linear and the whole 
system might be unstable. They also have shown by experiment that that threshold is 
definitely related to the velocity of end-effector rather than the admittance gain of the 
active robot under study. This face, although it has not been proven mathematically, can 
be used also in passive tele-presence systems when the perceptual feature of force signal 
is going to be used as inspired by Weber’s law for data reduction. Further work is needed 
to find out the mathematical relationship between the force and velocity signals in the 
dead-band analysis of passive tele-presence systems. 
Brandi et al. [30] also proposed two heuristic offline algorithms for position and 
force samples and extended it to 3-DoF. The first proposed method determines non-
iteratively the least amount of samples known as supporting samples which are 
necessary to reconstruct the force-feedback signal such that lays within the perceptual 
thresholds. The opinion behind the second method is that position signal has no effect 
on force-feedback in haptic rendering interaction sessions. So, in the second method, the 
position signal is compressed in an open-loop fashion. Since the only position information 
that can be perceived by the human is the visible information (e.g. at the rate of 25Hz), 
it can be compressed more than force data, exploiting the limits of human visual 
perception. Their experimental results show improved haptic signal compression 
performance in comparison with the ancestors for both methods while maintaining 
immersive-ness.  
Sakr and his colleagues [74] introduced a perception-based quality metric for 
haptic signals. They defined Haptic Perceptually-Weighted Peak Signal-To-Noise Ratio 
(HPWPSNR), as an enhancement to the standard PSNR measure. In their proposed 
metrics haptic perceptual knowledge acquired from existing psychophysical models 
incorporated. They formulated their new metrics as (11): 
𝐻𝑃𝑊𝑃𝑆𝑁𝑅 = 10 𝑙𝑜𝑔10
‖𝑣𝑚𝑎𝑥−𝑣𝑚𝑖𝑛‖
2
𝑀𝑆𝐸.𝐻𝑃𝑊
  (11) 
This equation defers from the original standard PSNR measure by a haptic 
perceptual-weighing function HPW as a coefficient to MSE. HPW function, in turn, is 
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represented by two different techniques: a mathematical-basis formulation, and a fuzzy-
logic based approach. 
By mathematical approach, they showed a basic formulation of an HPW function 
as (12): 
𝐻𝑃𝑊 = {
𝐶, 𝑖𝑓 |𝑣 − ?̂?𝑖| ≤ 𝐽𝑁𝐷(𝑣𝑖)
(𝑘. [|𝑣 − ?̂?𝑖| − 𝐽𝑁𝐷(𝑣𝑖)] + 𝐶) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  (12) 
where, 𝑣𝑖 refers to a haptic data type (such as position, velocity, or force), C 
corresponds to a constant term (typically equals to 1) that weighs signal degradations 
where the signal value falls within the perceptual threshold range (not to be sent based 
on Weber’s law), and k is a penalty factor that weighs signal degradations beyond the 
perceptual threshold range (have to be sent based on Weber’s law). They suggested 
normalizing the range of the obtained weights to the interval [0,1] subsequently. 
Therefore maximum possible HPW value should be evaluated for a given haptic 
compression session. Hence one disadvantage of this metrics is that it is only suitable for 
offline compression schemes. HPWPSNR is introduced such that to be lower than 
standard PSNR when perceptual degradations applied to the signal are minimal, and to 
reach its maximum at standard PSNR when perceptual degradations applied to haptic 
data signal are significant. However, another drawback of this technique is that it cannot 
be extended to incorporate perceptual knowledge from multiple haptic data types. By 
fuzzy techniques, they were going to overcome this drawback, and show haptic 
perceptibility can be expressed as a function related to both current position of the end-
effector (device’s resolution), and the velocity of the movement (and in certain cases, 
orientation) of the stylus in the trajectory. 
By their experimental efforts, it has been shown that whenever the signal 
degradations are within the haptic position and velocity JND, the HPWPSNR measure is 
higher than its corresponding PSNR, Also, these two measures are approximately equal 
when degradations of the predicted haptic signal are higher than the haptic force JND. 
Quality evaluation of the haptic compression schemes has been always a time 
and cost consuming task for the researchers to be done by the hand of actual human 
operator subjects. Chaudhari et al. [11] have established a framework and a model for 
objective quality evaluation for haptic data reduction. Their method includes human 
(operator) element of haptic manipulation as well as signal-based force-feedback 
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analysis. To this extent, they mainly focused on modeling the active control behavior of 
the human operator. Although they have stepped fundamentally the first big step 
towards the introduction of a new computer-based easily repeatable approach for 
quality evaluation of haptic data reduction, rest of the work is still remaining as an open 
field for further research; because they lacked common haptic data sample as well as 
immersive parameters of their proposed model. 
4.2. Movement JNDs 
Movement stimulus is divided into two categories: position and velocity of the 
haptic stylus. For position signal, it is a reasonable idea to rely on the device resolution. 
But applying velocity JND, based on Weber’s law means that small amount of changes in 
velocity is not perceivable by the human subject and the samples producing such 
difference may be omitted for data size reduction purpose. That means the only accepted 
changes in velocity and hence the resulting position samples are those comply with the 
condition (13) 

Δ𝑣
𝑣
≥ 𝜅𝑣 ,              0 < 𝜅𝑣 < 1  
The rule, which can be acknowledged as forward or straight JND, is suitable for 
omitting the undesired velocity changes caused by stylus or subject’s hand vibration. 
However, the position signal also always contains some undesired samples caused by the 
transmission line or the environment. These parasites are usually shown higher changes 
rather than average in velocity or position signal.  
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An example of one-dimensional motion signal collected from a haptic device is 
shown in Figure 4.3. The stylus trajectory contains undesired movements due to its 
vibration and noises implied by the transceiver.  
A method, called Inverse-JND in [18], in which the spike samples comply with (14) 
would be omitted from the noisy signal. It has been shown that considering differences 
in velocity to reduce the position data-size is more applicable than the position-JND 
application. That means every position sample which demonstrates an extreme velocity 
(very higher than the average velocity for M recent samples window) is considered as a 
parasitic noise injected from the transducer, line, or environment, and will be omitted. 
 
 |
𝑣
?̅?𝑀
| ≤
1
𝜅𝑣
,              0 < 𝜅𝑣 < 1  
Their approach seems to broadly eliminate the spikes but will pass the undesired 
samples caused by vibration. 
Figure 4.3: A position signal containing vibration and spike noises 
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4.2.1. Method 
In this research, an improvement is suggested to the Inverse-JND method 
presented by Nadjarbashi [18]. The improvement is to hire forward or straight JND to 
omit the vibration unperceivable samples, meanwhile to apply Inverse-JND to eliminate 
parasitic samples. As in Figure 4.4, while the orthodox (forward-JND) and recent 
𝜅𝑣Δ𝑣 
No Pass 
Pass 
(a) 
1
𝜅𝑣⬚
Δ𝑣 
No Pass 
Pass 
(b) 
𝜅𝑣Δ𝑣 
No Pass 
Pass 
(c) 
1
𝜅𝑣⬚
Δ𝑣 
Figure 4.4: Analogy of three perceptual dead-band analysis methods to the filters: a) Traditional 
Weber’s law (high-pass filter), b) Inverse-JND (low-pass filter) c) Mid-band-pass JND 
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approach (inverse-JND) are depicted as high-pass and low-pass perceptual filters, the 
new method which is called Mid-band-pass JND application is shown as a band-pass filter.  
The unperceivable or undesirable sample further could be replaced with the 
position suggested by the average velocity of the stylus in the M recent samples window.  
By the new perceptual suggestion, the position samples which show a velocity change 
complying (15) are transferred, otherwise removed to be predicted by the receiver.  
 𝜅𝑣 ≤ |
𝑣
?̅?𝑀
| ≤
1
𝜅𝑣
,              0 < 𝜅𝑣 < 1  
 𝑣 =
𝜕𝑢
𝜕𝑡
,            𝑣ҧ𝑀 =
1
𝑀
∑ 𝑣𝑀
𝑖−1
𝑖−𝑀−1        
Where 𝜅𝑣 is the velocity JND coefficient,  𝑣 is the current velocity, 𝑣ҧ𝑀 is the 
average velocity obtained by simple average moving method applied to the recent 𝑀 
position samples window, and 𝑢 is the position data. 
According to this method, the next sample to be sent is: 
?̂?𝑖 = {
𝑢𝑖 𝜅𝑣|?̅?𝑀| ≤ |𝑣𝑖| ≤
1
𝜅𝑣
|?̅?𝑀|
𝑢𝑖−1 + 𝑠𝑔𝑛(𝑣𝑖)|?̅?𝑀| 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
               
From the mathematical point of view, the method is similar to applying a middle 
band-pass filter for eliminating the undesired movements. The only difference between 
the method and formal band-pass filters is the perceptual decision based on Weber’s law 
instead of the frequency band and power of filter design. It will be shown (in Table 6-2 
and Figures 6-1 through 6-4) that for haptic applications, this perception-based 
elimination of the data demonstrates better results in the measure of signal-to-noise 
ratio and curve smoothness than the formal common band-pass filters. This belief has 
been also shown by other researchers (as discussed earlier) to be valid for force data, as 
they have been suggesting forward- force JNDs instead of high-pass filters. 
 
4.2.2. Metrics and Measurement Criteria 
Although the Root Mean Square Error (RMSE) and Peak Signal to Noise Ratio 
(PSNR) have been widely used as the main measure for benchmarking and comparing 
results, some other researchers have introduced specific metrics for haptic applications, 
such as HPW-PSNR introduced by Sakr in [74]. HPW-PSNR which is shown in (17) is 
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supposed to be as an enhancement to PSNR by using Haptic Perceptual Weighting (HPW).  
The HPW-PSNR has been used instead of the common RMSE measure (18). 
 𝐻𝑃𝑊𝑃𝑆𝑁𝑅 = 10 log10
‖𝑣𝑚𝑎𝑥−𝑣𝑚𝑖𝑛‖
2
𝑀𝑆𝐸.𝐻𝑃𝑊
  
HPW coefficient function has been represented by two different techniques: a 
mathematical formulation, and a fuzzy-logic based approach. By mathematical 
formulation which is used in this research, HPW function has been shown as (19), with 
constant 𝐶 almost always equals to 1: 
𝐻𝑃𝑊 = {
𝐶, 𝑖𝑓 |𝑣 − 𝑣𝑖| ≤ 𝜅𝑣. 𝑣𝑖
(𝜅𝑣 . [|𝑣 − 𝑣𝑖| − 𝜅𝑣. 𝑣𝑖] + 𝐶) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
In this research, according to the proposed perceptual analysis method which 
divided the drop-band into two low and high bands, a modified version of the 
mathematical approach is introduced and used for results comparison. For that purpose 
Modified Haptic Perceptual Weighting MHPW would be as follows: 
𝑀𝐻𝑃𝑊 = {
(
1
𝜅𝑣
. [|𝑣 − 𝑣𝑖| −
𝑣𝑖
𝜅𝑣
] + 𝐶) |𝑣 − 𝑣𝑖| <
𝑣𝑖
𝜅𝑣
(𝜅𝑣 . [|𝑣 − 𝑣𝑖| − 𝜅𝑣. 𝑣𝑖] + 𝐶) |𝑣 − 𝑣𝑖| > 𝜅𝑣 . 𝑣𝑖
𝐶 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
To show how the resulting signal is smooth, it should be shown how it complies 
with the former original signal, i.e. before any noise added to the signal from the 
transmission line or environment. That means, the difference of the received signal with 
the original signal should be measured. Taking into account this note, the most reliable 
results will be achieved. 
4.3. Force JNDs 
For force data, the rule means, if we omit the stimuli with the Δ𝐼/𝐼  less than the 
specified 𝜅, then the human receiver of the signal will not sense the difference caused by 
the omitted data. For example, where there is a force of 20N on a subject’s skin, an 
immediate next amount of 22N or 18N force may be reported as the previous 20N 
sample, where the 𝜅 = 10%. The equation of Force JND is usually used same as the 
original (21): 

Δ𝐹
𝐹
≥ 𝜅𝐹 ,              0 < 𝜅𝐹 < 1  
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4.3.1. Dynamic Extension 
Kammerl et al [16] have drawn a connection between the dead-band coefficient 
of 𝜅𝐹 and velocity of a haptic device stylus. Supported by experimental work, their notion, 
as described in (21), suggest that this coefficient is dynamically adaptive to the velocity. 
𝜅𝐹 = 𝜅𝐹𝑇 + 𝛼. |?̇?| 
The empirical part of their work was limited to the constant velocity of the haptic 
device arm, though repeated with three different levels of speed, including low, medium 
and high. Applied to a single degree of freedom, their work resulted in the observation 
that regardless of velocity value,  α can be chosen as a fixed value of 0.15, to achieve 
maximum data reduction ratio while the user does not feel any discontinuity in the form 
of vibration or ripple. 
In this research, the subject’s hand acceleration of which effect on force dead-
band analysis has aimed to be studied has been included as a first-order factor to the 
dynamic dead-band calculation (14). As a result, the value of 𝜅𝐹 can be described by (23): 
𝜅𝐹 = 𝜅𝐹𝑇 + 𝛼. |?̇?| + 𝛽. |?̈?|
Through equation (23), section 4.3.3 in this work presents an argument to what 
extent does each parameter 𝛼 or 𝛽 affect the dead-band ratio (𝜅𝐹). Also, the results of 
experiments in section 2.3.3 are investigated to determine the appropriate quantities for 
𝜅𝐹, 𝛼, and 𝛽, to preserve the stability of workout while gaining data reduction ratio 
throughout the perceptual analysis. 
4.3.2. Haptic Environment Model 
Pioneered by Rosenberg and Adelstein in [75] and Adams and Hannaford in [26], 
William et al in [35] and Huynh and Zadeh in [76] used the damping coefficient as well as 
stiffness one for more realism and stability in their study on effects of haptic data 
compression on user performance. Thus, the proposed model for haptic virtual 
environment is in the form of: 
𝐹𝑒 = 𝑘𝑠𝑥𝑒 − 𝑏𝑣𝑒 
where 𝑘𝑠 and 𝑏 are the stiffness and damping coefficient respectively. 
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 Also, Renz et al in [28], designing a coupling filter to improve the stability of 
haptic interface, introduced a spring-damper model. 
Although damping coefficient b is usually presumed much smaller than stiffness 
constant 𝑘𝑠 in perceptual decomposition of haptic applications [75] and it has been 
articulated to be caused mainly by viscosity of the environment (space, air, water, oil, 
and so on), this factor plays more significant role in force-feedback in tactile experiments 
where it comes from friction [77]. 
However, the model involved in this research is a simple linear spring, which is 
described as (25) and shown in Figure 4.5. 
𝐹𝑒 = 𝑘𝑠𝑥𝑒 
To eliminate any undesired noise in the system input, a low-pass median filter 
has been applied prior to threshold estimation. This is due to the fact that noise is 
inevitable to position data signal generated by the haptic device transducer. To obtain 
the velocity and acceleration by derivative calculation, the noise is also gained and 
propagated and consequently, the amount of derived velocity and acceleration would be 
destructive in the threshold formulation (23). The median filter as suggested by [20] is 
described in (26-27) with the sampling period of T_s=0.001 and the window size of 𝑀 =
20. 
Figure 4.5: Model represented by the software program 
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𝑣(𝑛) = ∑ 𝑤(𝑖)𝑥(𝑛 − 𝑖)𝑀−1𝑖=0              
𝑤(𝑖) =
12(
𝑀−1
2
−𝑖)
𝑇𝑠𝑀(𝑀2−1)
,     0 ≤ 𝑖 ≤ 𝑀 − 1             
The output position signal of the filter can be calculated by the average velocity. 
The schematic diagram for the force-feedback loop, developed in the presented software 
program, is shown in Figure 4.6. 
4.3.3. Hypothesis 
In this research, even though the damping characteristics of the environment has 
been taken into the account, the force feedback formulation would be as (28). Also, 
Newton’s 2nd law on the operator side implies: 
𝐹ℎ = 𝑚𝑎ℎ 
where, 𝑚 is the mass of operator’s hand and stylus. 
On the other hand, if the system is supposed to be stable on each point of 
trajectory, Newton’s 3rd law suggests: 
𝐹ℎ = −𝐹𝑒  
Considering the final goal of transparency discussed in section 1.3.5 as 𝑣ℎ = 𝑣𝑒 
and substitution of (24), (28), and (29) to proposed dead-band equation (23) leads to 
following 2nd order differential equation: 
𝑚?̈? + 𝑏?̇? + 𝑘𝑠𝑥 = 0 
Median Filter D D 
Position 
Data (x) 
v a 
JND Calculator 
Model (Spring) Date Reduction Stage 
F 
Reduced 
 Force Data 
(Fc) 
Figure 4.6: Data Diagram of Force Feedback with Dynamic Threshold 
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Solving this equation, the response of the system in each point of trajectory, 
regardless of the way user interacts with the system, would have answers like: 
𝑥 = 𝑒
−𝑏±√𝑏2−4𝑚𝑘𝑠
2𝑚
𝑡
 
In this case, if the constant damping coefficient 𝑏 is much lower than 𝑘𝑠 then, it 
causes the response having an imaginary part. Smaller 𝑏, larger imaginary part, hence 
less the effect of velocity in the Weber’s constant, as the constitution of (31) into the (30) 
suggests: 
𝜅𝐹 =  𝜅𝐹𝑇 +
−𝑏±√𝑏2−4𝑚𝑘𝑠
2𝑚
 𝛼𝑥 + (
−𝑏±√𝑏2−4𝑚𝑘𝑠
2𝑚
)
2
𝛽𝑥
For example, in the worst-case of this experiment, assuming 𝑏 = 1, 𝑘𝑠 = 50, and 
𝑚 = 2 will lead to: 
𝜅𝐹 = 𝜅𝐹𝑇 − (
4𝛼+399𝛽
16
) 𝑥 + (5𝛼 −
5𝛽
2
) 𝑗𝑥             
And in the best case if 𝑏 is assumed to be zero: 
𝜅𝐹 = 𝜅𝐹𝑇 − (√
𝑘𝑠
𝑚
) 𝑗𝛼𝑥 + (
𝑘𝑠
𝑚
) 𝛽𝑥
The imaginary part of the dead-band equation will not affect any changes in real-
world sample elimination because of perceptual analysis. Therefore, those parts may be 
omitted from the formulation and they will be as following ones: 
𝜅𝐹 = 𝜅𝐹𝑇 − (
4𝛼+399𝛽
16
) 𝑥       𝑤ℎ𝑒𝑟𝑒 𝑏 = 1
𝜅𝐹 = 𝜅𝐹𝑇 + (
𝑘𝑠
𝑚
) 𝛽𝑥               𝑤ℎ𝑒𝑟𝑒 𝑏 = 0
On the other hand, based on perceptual feedback from the subjects participated 
in the experiment, excess of 1% in 𝜅𝐹  over 𝜅𝐹𝑇 will result in sense of vibration or 
instability. That means the excessive parts of the equations (35,36) should fit in the 
following inequalities: 
0 < (
4𝛼+399𝛽
16
) 𝑥 <
1
100
           𝑤ℎ𝑒𝑟𝑒 𝑏 = 1
0 < (
𝑘𝑠
𝑚
) 𝛽𝑥 <
1
100
                   𝑤ℎ𝑒𝑟𝑒 𝑏 = 0
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In the experimental work, the distance of movement in one direction (𝑥) is kept 
in the range of [-0.20 .. 0.20]m. So, the inequalities (37,38) will be converted to the 
following ones: 
0 < (
4𝛼+399𝛽
16
) <
1
20
           𝑤ℎ𝑒𝑟𝑒 𝑏 = 1
0 < (
𝑘𝑠
𝑚
) 𝛽 <
1
20
                   𝑤ℎ𝑒𝑟𝑒 𝑏 = 0
Then, in the worst-case scenario in the experiment with the assumption of 𝑏 =
1, the coefficients 𝛼 and 𝛽 will be bounded as: 
0 < 𝛼 < 20%                   𝑤ℎ𝑒𝑟𝑒 𝛽 = 0
0 < 𝛽 < 0.2%                   𝑤ℎ𝑒𝑟𝑒 𝛼 = 0
And, in the best-case scenario when the 𝑏 = 0, the 𝜅𝐹 is not sensitive to the 
velocity at all, and the 𝛽 is bounded as: 
0 < 𝛽 <
𝑚
10𝑘𝑠

0 < 𝛽 < 0.2%    𝑤ℎ𝑒𝑟𝑒 𝑚 = 2 𝑎𝑛𝑑 𝑘𝑠 = 50
The final boundary inequality shows that the coefficient of acceleration in the 
dead-band equation is proportional to the mass of subject’s hand but reverse-
proportional to the stiffness coefficient of the haptic object. Considering an average mass 
of subject’s hand among different subjects with low mean deviation, plus constant stylus 
weigh, this inequality describes the fact that harder object in haptic operation dealing 
with, lower bound for 𝛽 should be chosen. 
Then, it can be concluded that when approaching or contacting with hard 
objects, the perceptual analysis is highly sensitive to acceleration and even small changes 
in the acceleration should be considered, hence less force data samples might be omitted 
in the backward path. However, when working with softer environments or objects, this 
sensitivity is relieved and more force data samples may be eliminated for data 
compression purpose. 
4.4. Conclusion and Remarks 
An improvement has been proposed in using velocity JND coefficient for size 
reduction of haptic position data in the dead-band perceptual analysis. In this approach, 
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which is called mid-band-JND, forward-JNDv is applied for the samples showing small 
changes in velocity to the previous sample, and inverse-JNDv is applied for the samples 
fell in the high band, where the velocity is much higher than the average velocity in the 
recent window of M samples. That means unperceivable position data samples that fit 
below the 𝜅𝑣 of the subject’s average speed are omitted as well as undesired ones that 
are above the 1 𝜅⁄ 𝑣 of the speed. 
The next step, which is discussed in chapter 6, will be the utilization of this 
method for the perceptual stage in the haptic data communication in which the double-
exponential or SPLine smoothing is used in prediction stage. Also, the method can be 
combined with the force-feedback deadband analysis to achieve a complete perceptual 
analysis stage for haptic data reduction. 
This study has been aimed to investigate the effect of dynamic figures of 
acceleration and velocity in the adaptive perceptual analysis of force feedback for haptic 
interaction. The theoretical justification, presented in this research, demonstrated that 
acceleration is more influential rather than velocity in haptic applications, where the 
damping coefficient is negligible, comparing to stiffness factor. Furthermore, the 
boundary limits for the coefficients of dynamic parameters have been estimated.  
This research showed that effect of acceleration in the dead-band equation is 
mainly reverse-proportional to the stiffness coefficient of the haptic object. This means 
the harder object in haptic operation dealing with, the lower bound for acceleration 
coefficient in dead-band ratio equation should be chosen. Thus, it can be concluded that 
when approaching or contacting with hard objects, the perceptual analysis is highly 
sensitive to acceleration and even small changes in the acceleration should be 
considered, hence less force data samples might be omitted in the backward path. 
However, when working with softer environments or objects, this sensitivity is alleviated 
and more force data samples may be eliminated for data compression purpose. 
Using position data stream in a derivative stage to obtain the velocity and 
acceleration, is intrinsically noisy due to the nature of transducers and encoder devices. 
A primary solution to this problem has been provided in this study as utilizing a median 
low-pass filter of window size = 20 for the input position data. As an alternative to this 
solution, and a suggestion for the next stage of this work, would be to incorporate an 
external accelerometer device within the haptic stylus. 
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Following this stage, the combination of this method to the velocity-adaptive 
position-JND calculation, and also the study of delayed tele-operation with such dead-
band analysis to conclude a robust bi-directional JND-estimator, would be the next steps 
towards a haptic data compression engine. 
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Chapter 5 
 
5. Prediction Analysis and 
Architecture 
The human touch sensory system contains a refresh or sample rate of at least 1 
kHz for kinesthetic and 5 kHz for tactile applications for maintaining the transparency and 
stability. This high refresh rate, which is the higher than 60Hz in video applications, 
implies that total round-trip-time (RTT) in such systems should not exceed 1ms, or the 
human subject will encounter some discontinuity in the force feedback returned to them 
in sort of jitter or vibration. On the other hand, the minimum RTT time in an IP network 
with two high-speed computer stations connected directly via physical CAT6 cable to a 
single 1GBps Ethernet physical switch with no other neighbours or routers in the middle 
has been measured to be around 1.5ms, when the UDP (fastest but not reliable protocol) 
is hired for packet transmission. The situation is worse when many empirical applications 
of haptic in industry or even entertainment, which are forthcoming, are supposed to be 
comprehensively runnable up on loosely-coupled packet-switched networks. 
The major approaches to mitigate this problem have already proposed based on 
perceptual and prediction analysis of haptic data. While the prediction analysis has been 
proposed in the previous chapter, this chapter discusses the contribution of prediction 
analysis on the receiver side.  
5.1. Introduction 
 For each lost sample, simply the Hold-Last-Sample (HLS) method may be used to 
predict the dropped sample and convey the continuity of data stream. Meanwhile, some 
others [66] dealt with the effect of velocity (ADPCM: Adaptive Differential Predictive 
Coding Method [41]) in human-perception of haptic data; i.e. faster the motion, higher 
the JND coefficient applies, hence more samples are omitted. 
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Following are prediction methods used in this research for benchmarking. Each 
method, which requires a window of recent force samples, can utilize the configurable 
depth of the circular buffer. However, some algorithms need one (top) or a fixed number 
of recent samples. 
5.1.1. Hold Last Sample (HLS) 
This scheme, which is used basically in many related research works, simply uses 
the recent (top) sample to predict the new sample. Some researchers showed [78] that 
this approach at least generates no energy and hence will not disturb stability issue if it 
does not maintain transparency. 
5.1.2. Median Filtering 
The median filter is described in (1-3) [20]. In these equations, 𝑀 is window size, 
𝑇𝑠 is sampling period, 𝑤(𝑖) is the weigh of each sample in the window, and 𝑓(𝑖) is the 
recent force samples saved in the buffer. ?̂?(𝑛) is the slope of force difference to the 
recent (top) sample. Since the  𝑇𝑠 is almost constant at 16ms in this study, it can be 
omitted from these equations in implementation. 
?̂?(𝑛) = ∑ 𝑤(𝑖)𝑓(𝑛 − 𝑖)𝑀−1𝑖=0              
𝑤(𝑖) =
12(
𝑀−1
2
−𝑖)
𝑇𝑠𝑀(𝑀2−1)
,     0 ≤ 𝑖 ≤ 𝑀 − 1             
𝑓(𝑛 + 1) = 𝑇𝑠. ?̂?(𝑛) + 𝑓(𝑛)             
5.1.3. Single Smoothing 
The single smoothing algorithm is described as (4). This algorithm is utilized in 
different window sizes in the experiment part. The single and double smoothing methods 
have been investigated in [18] for the position signal and value of 𝛼 = 0.2 has been 
obtained as the least-error-generating value of this coefficient for the position signal. 
Therefore, this coefficient is set to this value, to reduce the number of independent 
variables in the study. 
𝑆𝑡 = 𝛼𝑦𝑡 + (1 − 𝛼)𝑆𝑡−1,                      0 < 𝛼 < 1  
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5.1.4. Double Smoothing 
The double smoothing algorithm is described as (5-6). 
𝑆𝑡 = 𝛼𝑦𝑡 + (1 − 𝛼)(𝑆𝑡−1 + 𝑏𝑡−1),        0 < 𝛼 < 1 
 𝑏𝑡 = 𝛾(𝑆𝑡 − 𝑆𝑡−1) + (1 − 𝛾)𝑏𝑡−1,         0 < 𝛾 < 1 
Also for this method, the values of 𝛼 = 0.06 and 𝛾 = 0.03 are used as the results 
of research in [18] suggest. 
5.1.5. SP-Line Smoothing 
Another smoothing algorithm, SP-Line Smoothing, is proposed and studied in this 
comparison. SP-Line smoothing is a method to find out a smooth curve for a given noisy 
signal. The function has been practically parameterized by De’Boor [79] to minimize the 
error measures to the original signal while keeping the resulting curve as smooth as 
possible. In (7), the window size (𝑀) and smoothing factor (𝑝) have been defined. As 
smoothing factor closes to 0 the resulting curve is smoother. In reverse direction, as this 
factor approaches 1, the resulting signal is most likely to be the same as the given signal. 
 𝑝 ∑ (
𝑣𝑖−?̂?𝑖
𝛿𝑖
)
2
+ (1 − 𝑝) ∫ 𝑣"
2
𝑑𝑡
𝑡𝑀
𝑡1
𝑀
𝑖=1  
As the size of window rises, the computational burden rises in 𝑂(𝑁3).  Therefore, 
to avoid any undesired time of this computation to be added to the whole RTT, the 
window size is assumed fixed at 𝑀 = 3 in this research. 
5.1.6. Benchmarking of smoothing methods 
In the mathematical analysis, an FIR low pass filter of which parameters have 
been obtained from Kaiser-Window weighing function, has been studied. Since the 
sampling period is 1 KHz, the pass-band of the filter is selected to be 200Hz and stop from 
250Hz to 500Hz. Also, a pass-band ripple of 5% and a stop-band attenuation of 40dB have 
been specified. The Kaiser-Window function and FIR filters functions are based on 
MATLAB ver. R2013 filter functions.  
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A benchmark study has been performed on the window size of the selected FIR 
filters. This is performed to obtain the most suitable window size for this study. Figure 
5.1 shows this benchmark. It is obvious that window size of 10 is steady and reliable 
enough because it has minimum RMSE for Median FIR and FIR1.  For FIR2 with the 
window size of 10, the output will be smoother and RMSE increases. The main reason 
behind choosing FIR1 and FIR2 is to draw the comparison between the conventional 
methods and recent methods the researchers in this area have utilized for the purpose 
of haptic sample reduction.  

Figure 5.1: Benchmarking of FIRs 
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Moreover, two benchmarking on Single-Exponential Smoothing (SESP) and 
Double-Exponential Smoothing (DESP) methods have been studied with different values 
of 𝛼 and 𝛾 between 0 and 1. The methods, introduced by Clarke in [42], are used for that 
purpose. This analysis shows that the values of 𝛼 = 0.2 for SESP, and 𝛼 = 0.06 and 𝛾 =
0.03 for DESP, result in the maximum PSNR. The results of these benchmarks have been 
shown in Figure 5.2 and 5.3 respectively. 
 
 
Figure 5.3: Benchmarking of Single Smoothing Observatory 
Figure 5.2: Benchmarking of Double Smoothing Observatory 
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Also, SP-Line smoothing has been studied in this comparison. Figure 5.4 shows 
the benchmark of this method. Absolute maximum PSNR measurement occurs at 
window size (𝑀 = 30) and smoothing factor (𝑝 = 0.01). 
5.2. Prediction in Impedance Device 
In this research, a number of prediction algorithms have been utilized in a single 
impedance device program, which can be selected during the experimental study. The 
prediction algorithm has been also supported by a circular buffering technique. The 
technique allows recent samples of some large window size (M) to be saved in the buffer, 
so the last (M-1) sample will be overwritten with the new coming sample. 
Figure 5.5 shows the flowchart of the program. For any position sample 
measured by the connected device, a predicted force sample is reported immediately. 
This strategy prevents any discontinuity implied by the delay between sending the 
position sample packet to slave and waiting for its corresponding force sample to be 
received. Position sample packets, which are sent to the slave, are tagged with an 
incremental index number to track the corresponding force sample packet. 
Figure 5.4: Benchmarking of SP-Line Smoothing 
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For any force sample packet received, the index tag is checked against the recent 
position index sent. While the force sample index is lower than the recent position 
sample index, the force samples are rejected, because they have already been considered 
as a dropped one regarding the delay constraint. If the force sample received is consistent 
with the recently set-position sample, it would be pushed to the circular buffer at the 
top. 
5.3. Prediction in Admittance Device 
Considering the aforementioned fact that the delay implied by the underlying 
network is variable, the method proposed in this research has been established based on 
asynchronous event reporting instead of synchronous sample transfer. The latter one is 
more common in some applications such as audio and video streaming in which a Quality 
of Service (QoS) should be guaranteed by the transport control protocol. In haptic tele-
Read the position and Apply 
the predicted force 
Conduct the 
prediction 
Push the Force data on 
top of the buffer 
Force Packet 
Received in 
5ms? 
Yes 
No 
Is the Force 
Packet index as 
expected? 
Yes 
No 
Figure 5.5: Force data prediction in the haptic master device 
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operation, which is the application under the study in this paper, following facts are 
supporting the idea of event-based data transmission: 
• First, the perceptual dead-band analysis techniques described in the 
literature provide the opportunity to reduce the number of sending 
samples in each direction dramatically. 
• Second, utilization of some prediction methods for both movement and 
force signals may lead to extra reduction of predictable samples by the 
destination. 
• Third, in the way from master to slave, motion samples can be divided 
into two major categories of velocity and force. Considering the stability 
concern discussed in the previous section, velocity samples are more 
important than position ones to be sent accurately, because they convey 
energy when accompanying with the force samples.  
• Forth, velocity samples could be used in the admittance port to predict 
current position of the end-effector. Moreover, only velocity samples 
showing the perceivable difference (suggested by the dead-band law) 
may be transferred. Hence, there is more gain on sample reduction here.  
• Finally, to support the compliance of the trajectory in which the master 
and slave devices are tracking, position data samples may be transferred 
in a periodic manner, but in a rare period comparing to the actual sample 
period of 1 KHz desired by haptic applications. 
Based on what has been discussed above, Figures 5.6 and 5.7 show the flowchart 
of the proposed method for the admittance station. In this node, the work has been 
separated in two parallel threads: the packet control (Figure 5.6) and the device control 
(Figure 5.7). 
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In the packet control thread, it listens continuously to the carrier, whenever a 
packet (an event) is received it handles it appropriately. Following are listed the list of 
handled events: 
Reset: To reset all the position, data, and timing settings to a pre-set stable 
condition, almost known as the reset condition. This event also will lead the motor 
control thread to be reset as well. 
RTT setup: A comprehensive procedure between master and slave to obtain the 
RTT time between master and slave. This procedure must be run once at the beginning 
of each session and can occur whenever in the middle of the session to synchronize the 
time track in two devices. The RTT is further used in the rest of the session to calculate 
the transmission delay time of the packets  
Figure 5.6: Packet Control Thread in Admittance Device 
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No 
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Yes 
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𝑡𝑑 = 𝑇𝑚𝑎𝑠𝑡𝑒𝑟 + 𝑅𝑇𝑇 − 𝑡𝑠𝑝𝑎𝑐𝑘𝑒𝑡 (8) 
Echo: A blank (all-zero) packet of 16-byte length which is used in the RTT setup 
procedure for synchronization purpose. 
Velocity: A new velocity sample (𝑣𝑟) is received and the target velocity (𝑣𝑡) and 
position (𝑢𝑡), to be reached by the end-effector (motor), are calculated as follows 
𝑢𝑡 = 𝑢𝑡 + 𝑡𝑑(𝑣𝑟 − 𝑣𝑡) (9) 
𝑣𝑡 = 𝑣𝑟 (10) 
Position: A new position sample (𝑢𝑟) is received and the target position (𝑢𝑡) to 
be reached by the end-effector (motor) is calculated as follows 
𝑢𝑡 = 𝑢𝑟 + 𝑡𝑑𝑣𝑡 (11) 
  
In the polling loop of packet handling thread, whenever any perceivable change 
in force has been measured, a force response packet (force event) is prepared and sent 
back to the master device. 
The main responsibility of the device control thread is to adjust the position of 
end-effector based on the desired position (𝑢𝑡) in a continuous loop of which duration 
Figure 5.7: Motor Control Thread in Admittance Device 
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(𝑑𝑡) is measured accurately by an external clock. This amount is being updated by 
substituting the current actual velocity (𝑣𝑎) to (11) or adjusted in any position event 
(which is received in every 500ms). 
𝑢𝑡 = 𝑢𝑡 + 𝑑𝑡𝑣𝑎 (12) 
Actual velocity (𝑣𝑎), on the other hand, is the amount of current applied to the 
motor to keep the end-effector in the desired position. So, it may be larger than target 
velocity (𝑣𝑡) whenever the end-effector confronts with a resistance force, or smaller 
whenever it is supported by an aligned force to the direction of its motion. Therefore, 
the amount of force 𝐹𝑒 to be back to the master device can be obtained here as a 
proportion to the difference of actual and target velocity (13) 
𝐹𝑒 ≈ 𝑣𝑎 − 𝑣𝑡 (13) 
A core portion of the device control thread is to control the actual velocity of the 
motor to adjust the position read (𝑢𝑒) from motor to the desired position (𝑢𝑡) instructed 
by the master. For this purpose a PID controller has been utilized as (14-15). 
𝑒𝑡 = 𝑢𝑡 − 𝑢𝑒  (14) 
𝑣𝑎 = 𝐾𝑝𝑒𝑡 + 𝐾𝑖 න 𝑒𝑡(𝜏)𝑑𝜏 + 𝐾𝑑
𝑑𝑒𝑡
𝑑𝑡
𝜏
0
 (15) 
A primary experiment with a constant velocity has been conducted to obtain 
coefficients of equation (15). For this purpose, a no-overshoot class of Ziegler–Nichols 
method has been selected where ultimate gain 𝐾𝑢 and oscillation period 𝑇𝑢 has been 
obtained, and hence the above coefficients have been calculated as suggested by the 
(16). 
𝐾𝑝 = 0.2𝐾𝑢,       𝐾𝑖 =
2𝐾𝑝
𝑇𝑢
,         𝐾𝑑 =
𝐾𝑝𝑇𝑢
3
 (16) 
In the master device, two virtual reality models have been implemented. The first 
model is constant velocity which is selectable in a wide range of -800 mm/s to 800 mm/s 
(step of 5 mm/s) with the input key-stroke by the operator. The second model is a 
sinusoidal trajectory movement in 10s period, which is further used for investigating the 
results. 
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5.4. Tele-operator Architecture 
One of the most important requirements for haptic tele-operation or tele-
presence is to design a most effective, reliable, and stringent data flow for the operation 
in both master and slave sides and over the communication channel. Although the 
transmission control part of this data flow has been discussed earlier in Chapter 3, the 
rest of application specific flow of haptic data which is in conjunction with data reduction 
and recreation methods, will be studied in this chapter. Firstly, some previous research 
work relevant to this application are reviewed, and then the proposed architecture will 
be introduced in detail. However, the architecture will be further utilized by data 
preparation, reduction, and expansion schemed introduced in the following chapters. 
5.4.1. Recent works 
Hikichi et al [2] were almost pioneers in this literature review in proposing an 
architecture for haptic communication system adaptive to network environments. 
Aiming to overcome network impairments such as delay, jitter, and bandwidth 
constraints, they proposed a haptic communication system including application-specific 
modules (such as haptic and graphic), data preparation modules (like prediction, 
interpolation, and codec), and network interface module (Figure 5.8). 
In haptic processing module (HPM), which is well-designed for shared virtual 
environments the expected force-feedback is pre-calculated in client (Master) side to 
eliminate the problem with delayed force sample packets. However, the module is 
utilizing a shared model of the virtual object (environment) in conjunction with the 
graphics processing module (GPM). Although the most of data reduction effort is done in 
codec module (CM) by the Predictive Differential Pulse Code Modulation (PDPCM) 
quantization technique applied there, the received signal is reconstructed by some 
prediction and interpolation methods to converge the tele-operation to a stable and 
transparent experience. However, the prediction in prediction/interpolation module 
(PIM) is only used for the movement data samples lost because of network problems. 
Nevertheless, the network interface module (NIM) is responsible for serialization and 
tracking of data samples using sequence numbers, as a common transport protocol layer 
does. That means their proposed architecture is the combination of transport and 
application layer in ISO OSI or TCP/IP model. 
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Although the proposed architecture for haptic tele-presence by Hikichi et all was 
the first published one in this area, the solution was restricted to model-based virtual 
environments. That means the main concern of haptic tele-operation for real objects 
which rises from the force data lose due to network problems was abandoned. However, 
the problem still can be destructive in the absence of key updates for movement samples, 
where the prediction methods may diverge in connection interruption for a rather long 
period of time. 
Nizar Sakr et al. [1] in their research introduced an architecture for offline haptic 
data compression. Their proposed architecture named I-CHAM (stands for Intellectual 
Compression of Haptic Media Architecture), as shown in Figure 5.9, suites both lossless 
and lossy compression approaches. Its configurable modular structure aimed to 
efficiently compress a recorded haptic media file. The modules included in I-CHAM 
encoder architecture (Figure 5.6) are as following: Haptic Data Extraction and 
Interpretation, Scale Estimation, Difference Thresholds Computation, Haptic Prediction, 
Data Representation, Run-length Coding and Entropy Coding. In their method, an XML 
configuration file is introduced to allow generalization of the solution’s reuse in different 
haptic applications and for data produced by different haptic devices. 
Figure 5.8: A network-adaptive architecture for haptic data communication [2]  
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However, haptic data extraction and interpretation module is responsible for 
reading the haptic data according to the haptic configuration information represented in 
XML format. Then, the information is fed into the subsequent modules, i.e. Scale 
Estimation and Haptic Prediction. 
The authors essentially used Weber's law of Just Noticeable Differences (JND) in 
their proposed architecture. The law as described earlier allows to pass the samples with 
the minimum amount of difference in stimulus intensity with the previously passed one. 
The difference is selected such that a noticeable variation can be experienced by the 
human’s sensory system. Since the haptic data is inherently multi-type (force and 
position) and multi-dimensional (x, y, z), different and sometimes unequal JNDs can be 
assigned to each axis’s data stream. Scale Estimation, and Difference Thresholds 
Computation modules of the proposed architecture are responsible for adjusting JNDs 
for force and movement dimensions of haptic data for the haptic prediction module. 
The haptic prediction module is centric to the I-CHAM solution architecture. That 
means its performance significantly and directly determines the entire solution’s 
performance. As will be discussed in more detail in section 5, in the architecture, 
prediction analysis has been done based on autoregressive models for both haptic 
movement and force stimuli. It essentially aimed to predict future outputs of the signal 
based on the signal’s history. 
They have shown by experimental results that their proposed architecture can 
result in great compression ratios in both lossless and lossy modes. A compression ratio 
of 86-89% in lossless mode and up to 99% in lossy mode has been experienced without 
any significant loss of immersive-ness. 
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Figure 5.9: Intelligent Compression of Haptic Media (I-CHAM) Encoder Architecture [1] 
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As shown in Figure 5.10, Kammerl [3] presented a scheme for his proposed 
offline haptic data signal prediction and differential dead-band method. In the first stage 
of encoder module, the value of the incoming signal is compared to predict one according 
to Weber’s Law violation. If it violates it the incoming signal along with time-stamp go 
through the rest of module, and if not, just the time-stamp is sent. In differential dead-
band encoder stage, just the difference of actual value and predicted one is calculated, 
then quantized and finally sent for Entropy Coding which is most common last part in 
data coding stage in compression algorithms. Further, he introduced a differential 
decoder module to adjust the predictor to achieve more accuracy in decoding module. 
In decoding module, three steps are reversed, respectively. That is firstly the incoming 
stream is Entropy decoded, the resulting quantized value and time-stamp are fed to the 
dead-band prediction and the linear signal prediction to make the signal values. In the 
last stage of decoder, resulting values should be up-sampled according to the time-stamp 
to produce the uncompressed signal. 
Sakr et al. [1] made a complete architecture for haptic data compression in one 
direction, but their approach doesn’t cover the relation between scale-estimation and 
velocity in bi-lateral applications. 
On the other hand, scheme presented by Kammerl [3] overcomes the 
aforementioned shortage, but it is just for position (or velocity) data and is more suitable 
for offline applications. Neither has it included data-preparation and configuration 
modules. These modules as described in Sakr’s work are suitable for parameterization 
and re-use of architecture in different haptic applications. 
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Kuschel e al. [5, 6] have studied and experimented effects of lossy data reduction 
in stability of the tele-operation and tele-presence systems. They proposed a framework 
for such study, which classifies the lossy data reduction algorithms and investigates 
passivity as a minimum requirement for stability to be satisfied for the selected 
algorithms. In this framework, scattering transform is used before and after 
compression/decompression in human operator (o) and server operator (t) sides. The 
passivity of a system is known as if it generates any sort of energy inside the system 
(17,18) (Figure 5.11). By definition of a tuning parameter b, the scattering transform of 
the force and velocity signals will be as (19) [27, 80]. Hence, the passivity condition of 
(17) can be represented as (20) and (21). 
∫ 𝑃𝑖𝑛(𝜏)𝑑𝜏
𝑡
0
> 0,           ∀𝑡 ≥ 0   (17) 
𝑃𝑖𝑛 = 𝑉
𝑇 . 𝐹 =  𝑣𝑜. 𝑓𝑜 − 𝑣𝑡 . 𝑓𝑡,           ∀𝑡 ≥ 0   (18) 
𝑔𝑙 =
𝑏𝑣𝑜+𝑓𝑜
√2𝑏
,     ℎ𝑙 =
𝑏𝑣𝑜−𝑓𝑜
√2𝑏
,    𝑔𝑟 =
𝑏𝑣𝑡+𝑓𝑡
√2𝑏
,     ℎ𝑟 =
𝑏𝑣𝑡−𝑓𝑡
√2𝑏
  (19) 
∫ 𝑃𝑖𝑛(𝜏)𝑑𝜏
𝑡
0
= 1 2⁄ ∫ ((𝑔𝑙
2 − ℎ𝑙
2) − (𝑔𝑟
2 − ℎ𝑟
2)) 𝑑𝜏
𝑡
0
> 0  (20) 
1
2⁄ ∫ (𝑔𝑙
2 − 𝑔𝑟
2)𝑑𝜏 + 1 2⁄ ∫ (ℎ𝑟
2 − ℎ𝑙
2)𝑑𝜏
𝑡
0
𝑡
0
> 0  (21) 
Figure 5.10: Combination of signal prediction and dead-band approach for offline haptic data compression 
[3] 
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Obviously, if any part of the sum in (21) is positive, the whole result would be 
greater than zero and the passivity conditions will be satisfied. It is also straightforward 
to show that in the case of communication delay T, if the transparency conditions of (22) 
apply, the passivity condition of (20) will be reduced to (23), which in turn is obviously 
already satisfied. Therefore, if the transparency conditions of (22) apply to a compression 
system, that is the method for compression is lossless, or lossy with zero error 
measurements in reconstruction, the whole system will be passive and stable regardless 
of latency. 
𝑔𝑟(𝑡 − 𝑇) = 𝑔𝑙(𝑡),       ℎ𝑙(𝑡 − 𝑇) = ℎ𝑟(𝑡)  (22) 
∫ 𝑃𝑖𝑛(𝜏)𝑑𝜏
𝑡
0
= 1 2⁄ ∫ (𝑔𝑙
2+ℎ𝑟
2)𝑑𝜏
𝑡
𝑡−𝑇
> 0  (23) 
The main authors have classified lossy compression algorithms in two major 
categories: frame-based and sample-based. In first category, a packet (frame) including 
several (for example 256) samples is prepared for compression, and the resulting 
compressed capsule will be transmitted over the line. In the destination, the capsule will 
be decompressed to the same number of samples (almost equal to the former ones). In 
the second category, each sample will be treated to be sent or not regarding the 
perception rules and prediction method applied in the selected compression algorithm. 
Frame-based methods of compression are further divided into two categories: 
Frequency based approaches such as FFT or DCT, and interpolative methods such as 
spline shaping algorithm. In these schemes, a few parameter values (dominant 
frequencies or interpolative curve coefficients) will represent the frame and will be sent 
instead. In the destination, the original signal will be reconstructed according to these 
parameters. 
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Figure 5.11: Scattering Transform Introduced in data compression and communication of haptic tele-
operation [5, 6] 
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In the sample-based category, extrapolation algorithms mainly hire some 
prediction methods (such as median filtering) to predict the lost or reduced samples in 
the destination. The author also introduced a second sub-category to this category as 
direct sample compression methods. In such methods, every single sample is individually 
compressed. Therefore the major methodology for this kind of compression is 
quantization. The main advantage of this approach is that it can be implemented with no 
delay or as minimum delay as possible. 
The utilization of frame-based approaches does not seem to be justified with the 
minim delay requirement of haptic online applications. However, the sample-based 
approaches would not be aligned to the dead-band analysis policy formerly proposed for 
haptic data reduction if the scattering transform is going to be used for passivity 
fulfillment. Therefore, the framework presented by Kuschel et al. is not appropriate for 
perceptual data reduction methodologies which are the main approach of this thesis for 
haptic data compression. 
5.4.2. Proposed Architecture 
Although none of the aforementioned architectures and frameworks suit the 
requirements and alignments of the application and transport layers of haptic 
teleoperation in this research, some common building blocks could be inspired by the 
literature review. First, the proposed architecture should be capable of handling both 
movement and force signals in an online tele-operation with real objects. Second, the 
room for adaptive perceptual analysis shall be secured in such architecture. Third, the 
features of transmission control protocol discussed in Chapter 3 should be applied in this 
architecture. However, the solution might be flexible and configurable to be employed in 
both online and offline applications.  
The flow of data in a haptic teleoperation system, supported by data reduction 
techniques described in following chapters, is depicted in Figure 5.12. The majority of 
motion samples sent from the master to the slave are velocity samples whenever there 
is any perceivable but not predictable change in this figure. For transparency reasons, 
position samples are sent regularly (with a larger adjustment period, say 200ms) 
regardless of any changes. Moreover, Event Processing and Prediction process in both 
ways are responsible to predict next applicable sample in any case and to correct their 
sample history with the receiving samples.  
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The amount of force exerted back to the system within the slave side can be 
measured as a function of the difference in the velocity (current) applied to the Motor 
by the PID Controller and the desired velocity received from the master. The design and 
tuning of PID controller have been discussed in section 5.3. 
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5.5. Conclusion and Remarks 
Prediction analysis plays a crucial role in haptic tele-operation, where the 
transmission delay is the main concern. The focus of this research was on the prediction 
of force in the impedance (master) device, while the admittance (slave) was simulating 
virtual models. Although there are numerous algorithms for extrapolation prediction 
purposes, a suitable algorithm for haptic tele-presence should impose no computation 
overhead, especially when implemented as a software module. This means algorithms in 
O(1) or O(N) are more appropriate. Another approach, which is the next stage of this 
research, is to implement SP-Line smoothing within a larger window length (or more 
complex algorithms) in accelerators (such as embedded or FPGA modules). 
The aim of this research was to investigate how the proposed method of event-
based haptic data sample transmission can reduce the number of sample packets 
required for transparent haptic tele-presence. This approach is supported by a PID 
controller in the admittance device and a synchronization scheme between the master 
and the slave stations. Transparency and stability of the tele-operation were maintained 
over a loosely-coupled packet-switched network. However, to maintain the trajectory 
between the master and slave stations, position samples are still sent in a periodic sample 
for adjustment purposes. The amount of this period is lower-bounded to 1ms (highest 
sampling rate of haptic applications) but is usually chosen according to the other 
constraints like network bandwidth or compression ratio. This research can be further 
extended to an implementation of PID and a synchronization process in the embedded 
micro-controller of the tele-operator side. Furthermore, utilizing a real impedance 
module, the experimental work can be extended to several subjects to investigate the 
feedback in a completely real tele-operation system. 
As discussed in the survey studied in this chapter, there have been some 
architectures proposed for offline and online haptic data communication. However, none 
of them are suitable for the transmission control proposed in Chapter 3 and the rest of 
data reduction techniques will be studied in the following chapters. Nevertheless, a novel 
data flow scheme has been introduced in this chapter which includes a PID controller in 
slave side as a key component for displaying the movement signals. Although the 
proposed architecture lies in the application layer, the points in which the collaboration 
with the lower transport layer (HTCP) is required have been also indicated and discussed. 
This scheme will be used in the next chapter as the main scheme of tele-operation with 
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the coefficients of the PID controller tuned in this chapter. Therefore, the results of 
experiments in the next chapter will be used to discuss the proof of concept for this 
architecture. 
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Chapter 6 
6. Results 
The methods and algorithms designed in chapters 3 through 5 for different 
stages of haptic data compression discussed earlier in the background (chapter 2), have 
been set up for some subjective experiments. These empirical study and the results are 
discussed in detail in this chapter. In the first section some methods for evaluating the 
dead-band threshold for haptic signals (movement and force) are analysed. Moreover, in 
the following section, two scenarios for master (impedance) and slave (admittance) 
devices are set up to investigate the functionality of tele-operation. By the other words, 
isolating the experimental work for either side of haptic tele-operation, more accurate 
results are expected to be obtained for coefficients of formulations and tuning of 
components involved in the architecture and techniques proposed for haptic data 
compression in this thesis. 
6.1. Dead-band Analysis 
The experiments set up in this section are aimed to investigate the concept and 
formulation of perceptual analysis introduced in chapter 4 for movement (position, 
velocity, and acceleration) and force signals. For the velocity signal, the mid-band-pass 
JND application is tested, while the effect of dynamic parameters like velocity and 
acceleration on the JND estimation of force signal is investigated through a subjective 
workout. 
6.1.1. Velocity-JND in Master Device 
The raw data for this research has been collected from a PHANToM® Desktop™ 
device, model 3.0 from SensAble Technologies, which was connected via a FireWire 
protocol to an intel®-based PC desktop computer with Core-i7 Pentium Processor 
@3.2GHz and 8GB of Memory. For simplicity to show how the concept behind the 
research is working, only 1-DoF is studied: X-axis position data have been sampled as 
double precision float numbers in 1ms periods (1KHz) for 10s (10,000 samples). The idea 
can be easily extended to higher dimensions and higher data rates. 
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The inverse-JND approach as described by (14-17) in Chapter 4 was implemented 
on the position data. In this implementation, 𝜅𝑣 is 0.1 and the window size is 10. This 
window size is used for calculating 𝑣ҧ. To demonstrate better the behaviour of the formal 
methods and the proposed one, the noise has been injected into the original signal by 
simulation. That means a random distribution function of Matlab librarian called randg 
plays the role of a noise made by the transmission line or the environment. Therefore, 
the noise, as the word suggests, has been chosen to be stochastic. Figures 6.1 and 6.2 
show the resulting curves for original signal fed to the selected methods, and Figures 6.3 
and 6.4 represent the corresponding results for noise-injected signals. According to the 
figures, the smoothness of the mid-band-JND method is competitive with the other 
methods. It removes almost all the spikes and reasonably alleviates vibrations. Figure 6.2 
shows that although the mid-band-JND method is not smoother than smoothing 
methods, it would be more appropriate for haptic applications; because it results in 
higher MHPW-PSNR. 
 
Figure 6.1: Comparison of Mid-JNDv with FIR methods (Original Signal) 
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Figure 6.2:Comparison of Mid-JNDv with smoothing methods (Original Signal) 
 
Figure 6.3:Comparison of Mid-JNDv with FIR methods (Noisy Signal) 
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Figure 6.4:Comparison of Mid-JNDv with smoothing methods (Noisy Signal) 
  
Also, the proposed method and single-exponential smoothing observer method 
are the fastest amongst the methods studied in this research. It should be noted that the 
sample window used by the filter and smoothing algorithms implies delay to the 
operation. That means, raising the window size, which may result in better PSNR or 
smoothness, needs time at least equal to the window size and causes extract delay in the 
transmission line. However, the proposed mid-band-JND algorithm can be hired in a 
pipeline with the incoming samples and save time. That means all (M-1) samples prior to 
the current sample may be buffered in the receiving device, for estimation or 
replacement of the next sample. 
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Table 6-1 shows the resulting PSNR and computation time for the selected 
methods. The value for PSNR column of the mid-JND row is obtained by applying MHPW-
PSNR measurement. This measurement as discussed earlier in Chapter 4 is calculated as 
(24): 
 𝑀𝐻𝑃𝑊 − 𝑃𝑆𝑁𝑅 = 10 log10
‖𝑣𝑚𝑎𝑥−𝑣𝑚𝑖𝑛‖
2
𝑀𝑆𝐸.𝑀𝐻𝑃𝑊
  
MHPW coefficient function has been represented by two different techniques: a 
mathematical formulation, and a fuzzy-logic based approach. By mathematical 
formulation which is used in this research, MHPW function has been shown as (25), with 
constant 𝐶 almost always equals to 1. 
𝑀𝐻𝑃𝑊 = {
(
1
𝜅𝑣
. [|𝑣 − 𝑣𝑖| −
𝑣𝑖
𝜅𝑣
] + 𝐶) |𝑣 − 𝑣𝑖| <
𝑣𝑖
𝜅𝑣
(𝜅𝑣 . [|𝑣 − 𝑣𝑖| − 𝜅𝑣. 𝑣𝑖] + 𝐶) |𝑣 − 𝑣𝑖| > 𝜅𝑣 . 𝑣𝑖
𝐶 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
In comparison with the forward velocity JND (as suggested by (13) in Chapter 4) 
that is shown in Table 6-1, the mid-band-JND method has reduced more data. As shown 
in the Table 6-1, although there is a slight improvement of 11% in data-reduction ratio 
rather than previous method (inverse-JND) for original signal, this measurement has 
been significantly improved for noisy signal in mid-band-JND (Table 6-2), while it has been 
dramatically destroyed in forward-JND. 
 
 
 
 
 
 
 
 
 
TABLE 6-1: COMPARISON BETWEEN MID-BAND-JNDV AND 
OTHER OBSERVATION METHODS IN DATA-REDUCTION 
Method DR-Ratio for 
Original Signal 
DR-Ratio for  
Noisy Signal 
Mid-JNDv 63.5% 81.1% 
Inv-JNDv 63.5% 69.8% 
Forward-JND 52.8% 3.3% 
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6.1.2. Force-JND in Slave Device 
The aim of this research, initially, is to determine the level that the force dead-
band coefficient of 𝜅𝐹 is sensitive to each factor of velocity and acceleration. That means, 
it is required to evaluate the appropriate value range for 𝛼, 𝛽, and 𝜅𝐹𝑇. Hence, an 
experimental work, including a haptic interface device and a session management 
program, has been set up. To avoid additional complexity beyond the scope of the 
research in this stage, the movement of the haptic interface stylus has been limited to a 
single degree of freedom (𝑥-axis). Also, since the distance between the master (haptic 
device) and the slave (software model residing in a desktop PC) is short and via the 
FireWire® protocol, any delay in the data transmission channel is negligible. 
Nevertheless, as the goal is to extend the threshold formulation from (14) to (16), the 
delay has been ignored. This experiment has been conducted by multiple subjects in an 
iterative procedure. 
6.1.2.1. Apparatus 
The haptic interface device used in this research is the PHANToM® Omni™. This 
device maintains 3 degrees of freedom with force feedback and another 3 passive 
degrees of freedom. However, the model represented by the software program has been 
TABLE 6-2: COMPARISON BETWEEN MID-BAND-JNDV AND 
OTHER OBSERVATION METHODS 
Method PSNR 
Original 
Time(ms) 
Original 
PSNR 
Noisy 
Time(ms) 
Noisy 
Mid-JNDv 118 0 76.3 0 
Inv-JNDv 112 0 71.1 0 
HLS 54.0 0 39.4 0 
Median 99.3 140 39.9 125 
FIR1 85.6 156 39.9 156 
FIR2 85.5 125 39.9 141 
SESP 69.4 0 56.9 0 
DESP 76.0 31 64.3 31 
SPLine 104 62 62.0 62 
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such designed to restrict the subject in a straight one-dimensional movement. The device 
was connected to a desktop PC with an Intel™ Core-i7 Pentium processor at 3.00 GHz 
clock and 8 GB of RAM Memory, via the FireWire® protocol. The sampling rate of the 
device is 1000 Hz (1 KHz). 
The software program for this research has been developed with Microsoft™ 
Visual Studio® (C++) version 2010 and OpenHaptics® Toolkit version 3.0. The program, as 
shown in Figure 6.5, is a single-dialog program connected to the haptic device at start-
up. The major responsibilities of the program include representation of the virtual model 
(spring), managing experiment sessions, and recording the measures for all participants. 
 
Figure 6.5:Sampling program developed for experimental study 
6.1.2.2. Participants 
The experiment has been conducted by 19 participants aged in the range of 25-
45, including 4 females and 15 males. None of the participants where Haptics or Robotics 
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experts. Two subjects were left-handed while the rest were right-handed. Each person 
was asked to participate in a 15-minute experiment session. The session was divided into 
three major parts: a 5-minute presentation, a 5-minute training, and a final 5-minute 
experimental period. Within the induction period, the participant was introduced by a 
brief discussion about how the technology works in general (not in detail) and what 
reaction may be expected by them. 
Before the experiment to be started, in training period, the subject was given the 
opportunity to study the interaction and feel the force feedback and what is called 
stability and transparency. That means the subject would find to which extend the 
interaction with the model represented by the computer program is similar to an actual 
spring. This has been achieved by tuning the different parameters while the subject is 
moving the stylus in the x-axis trajectory. As the session went from zero value in each 
coefficient upward, the user could express any feeling of either instability or vibration, 
by pressing any of the two buttons embedded on the haptic stylus. This event was 
automatically captured and recorded by the software program, as the end of each 
iteration set and start of the next one or complete the task. This automatic approach of 
recording the subject’s feedback and restarting iteration sets, eliminated any 
intervention from the researchers to the session, consequently minimizing the potential 
for any delayed response and maximizing measurement accuracy. 
6.1.2.3. Procedure 
During the iterative experiments for each subject, the parameters 𝜅𝐹𝑇, 𝛼, and 𝛽 
were automatically tuned up by the program and allocated to the subject completing the 
experiment. This was achieved during some independent and collaborative measuring 
processes of each subject moving the haptic stylus along the 𝑥-axis. During the session, 
these parameters were used in a real-time manner within a virtual environment model 
represented by a call-back function. That is, the spring reaction force proportional to the 
stylus position, sensed by the device, was calculated and applied back to the device in 
real-time.  The next step was to omit the unnecessary samples according to equations (4) 
and (6), with the parameters tuned by the user. The real-time compression ratio, 
calculated during each second of sampling, was shown by the green progress bar titled 
by the corresponding value in the middle of the form, shown in Figure 6.5. 
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In this study, each iteration was started with a constant set of parameters (𝜅𝐹𝑇, 
𝛼, and 𝛽) and lasted for a fixed duration of 5 seconds. The parameters changed over the 
next iteration regarding the scenario presented further in this section. The duration had 
been selected through several trials, proven not to be too short for the subject causing 
them missing the response but to provide an accurate one, and not to be so long to waste 
the session time. While some subjects were insensitive and required more than 60 
iterations in total, which means that their whole experiment lasted more than 5 minutes, 
there were some others who ended up within 15 iterations. 
In each iteration, the parameters were tuned over a time period of 5-seconds 
that was given to the subject to express their feeling of vibration. This response was 
actioned by any button-press on the stylus. A response to smoothness was actioned 
simply by no-button-press on the stylus until the end of that iteration period (5 seconds). 
The trajectory of a motion was fixed along the x-axis across the centre point, i.e. the point 
in which the end-effector is at (0, 0, 0) in the Cartesian coordinates. According to the 
scenario illustrated below, the participants began the experiment by moving the stylus 
of the haptic interface. At the end of each 5-second iteration, the samples are 
automatically stored and a new iteration was started with a new set of parameters until 
the whole session is terminated. At the end of the session, all of the results were stored 
in an output file for analysis. 
The session scenario was divided into follows seven stages. In each stage, the set 
of iterations would end when the subject clicked on the buttons on the stylus. That means 
next iteration would be the first iteration of the next stage or the session would be 
completed (in the case of stage 7). 
1. Iterations started with 𝜿𝑭𝑻 =0.01 and step=0.01 to find out appropriate 
independent 𝜿𝑭𝑻𝑴, i.e. 𝜶 =0 and 𝜷 =0.  
2. Iterations started with 𝜶 =0.02 and step=0.02 to find out appropriate 
independent 𝜶𝑴𝟏, i.e. 𝜿𝑭𝑻=0 and 𝜷 =0.   
3. Iterations started with 𝜷 =0.001 and step=0.001 to find out appropriate 
independent  𝜷𝑴𝟏, i.e. 𝜿𝑭𝑻=0 and 𝜶 =0. 
4. Iterations started with 𝜶 =0.02 and step=0.02 to find appropriate 
collaborative 𝜶𝑴𝟐 with 𝜷 =0 and 𝜿𝑭𝑻=𝜿𝑭𝑻𝑴 − 𝟎. 𝟎𝟏. 
5. Iterations started with 𝜷 =0.001 and step=0.001 to find appropriate 
collaborative 𝜷𝑴𝟐 with 𝜶 =0 and 𝜿𝑭𝑻=𝜿𝑭𝑻𝑴 − 𝟎. 𝟎𝟏. 
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6. Iterations started with 𝜶 =0.02 and step=0.02 to find appropriate 
collaborative 𝜶𝑴 with 𝜷 = 𝐦𝐢𝐧 (𝜷𝑴𝟏, 𝜷𝑴𝟐) − 𝟎. 𝟎𝟎𝟏  and 𝜿𝑭𝑻=𝜿𝑭𝑻𝑴 −
𝟎. 𝟎𝟏. 
7. Iterations started with 𝜷 =0.001 and step=0.001 to find appropriate 
collaborative  𝜷𝑴 with 𝜶 = 𝐦𝐢𝐧 (𝜶𝑴𝟏, 𝜶𝑴𝟐) − 𝟎. 𝟎𝟐  and 𝜿𝑭𝑻=𝜿𝑭𝑻𝑴 −
𝟎. 𝟎𝟏. 
The step value for each parameter has been chosen according to their pre-
estimated values in the literature review and theory section. For example, when 𝜅𝐹𝑇 has 
been reported to be around 10% by leading researchers, the step of 0.01 or 1% sounds 
reasonable. For 𝛼, which has been once tagged to 15% in the literature review and it has 
been shown that the threshold is less sensitive to, the step has been selected as 0.02. 
And for 𝛽, to which the threshold was shown to be more sensitive, the step was tuned 
as 0.1% or 0.001. This step-tuning strategy made experimental iterations more accurate 
(especially for 𝛽), efficient and time-providential. 
The values of coefficients obtained in the independent stages, i.e. stages 1 
through 3, are called maximum or saturation values of the corresponding coefficients for 
the subject that is completing the experiment. However, in the collaborative stages, i.e. 
stages 4 through 7, the constant coefficients are kept one step behind their 
corresponding saturation values. This strategy provides enough room for the varying 
parameter in collaborative study, to investigate its influence in the threshold. This means 
that if the initial point for the constant coefficient in a collaborative study is the point 
that the subject has already shown their response as vibration, such a study will be 
stopped immediately at the starting point by the subject. Therefore, in these 
collaborative stages, the constant coefficient(s) are considered one step less than the 
saturation point. 
The values of coefficients obtained in the independent stages i.e. stage 1 through 
3, are called maximum or saturation values of the corresponding coefficients for the 
subject that is completing the experiment. However, in the collaborative stages, i.e. 
stages 4 through 7, the constant coefficients are kept one step behind their 
corresponding saturation values. This strategy provides enough room for the varying 
parameter in collaborative study, to investigate its influence in the threshold. This means 
that if the initial point for the constant coefficient in a collaborative study is the point 
that the subject has already shown their response as vibration, such a study will be 
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stopped immediately at the starting point by the subject. Therefore, in these 
collaborative stages, the constant coefficient(s) are considered one step less than the 
saturation point. 
The compression ratio was obtained by dividing the number of eliminated 
samples according to the proposed dead-band method, by the total number of samples 
in the iteration, i.e. 5000. Both the original and reduced sample streams were recorded 
in separate files for each iteration. Therefore, the simple way to obtain compression ratio 
was to divide size of reduced sample file by the size of the original sample file, and then 
subtracting from 1. 
6.1.2.4. Discussion 
Figure 6.6 shows the trend of the compression ratio for the x-position data based 
on the raw data captured by each participant. The comparison has been completed for 
four cases: 
1. Using both velocity (𝛼) and acceleration (𝛽) coefficients in the threshold 
calculation (stages 6 and 7).  
2. Using only the acceleration coefficient (𝛽) with 𝜅𝐹𝑇 (stage 5). 
3. Considering only the effect of velocity (𝛼) as an extension to Weber’s law 
(stage 4). 
4. Leaving the law as pure as constant 𝜅𝐹𝑇 (stage 1). 
P1 through P19 are the compression ratio results made by the first through the 
nineteenth participant. The dataset was recorded only once for each participant. 
As the average series and the median series suggest, the influence of the 
acceleration coefficient (𝛽) in this formulation is more crucial rather than taking the 
velocity effect into the account. Also, it is clear from the trend that this figure is sufficient 
enough to increase the average compression ratio by more than 13%. This experiment 
has shown that when considering the effect of the velocity signal in the dead-band 
analysis, the average results will not be significantly changed over the pure Weber’s JND 
law. As an evidence to this finding, the compression ratio in the average series shown in 
the 𝜅𝐹𝑇-only column is even higher than this figure in 𝜅𝐹𝑇- 𝛼 column. Although, in the 
𝜅𝐹𝑇-only column of the average series, the value of 𝜅𝐹𝑇  was extracted by the simple 
115 | Results 
 
average over the 𝜅𝐹𝑇 values (5.4%) experienced by all subjects in that column, while in 
the 𝜅𝐹𝑇-𝛼 column, its value (3%) was presumed as the step 4 of session scenario. 
The method of constant stimuli in [38] by Gescheider suggests that the 
perceptive threshold should be described by the median point rather than average in 
experiment completed by human subjects. Adopting this method, the median points 
have been extracted for 𝛼, 𝛽, and 𝜅𝐹𝑇 (grey series in the chart in Figure 6.6) by utilizing 
the 50% point of 6-sigma s-curves, and the compression ratio re-evaluated by averaging 
three separate consequent iterations for each column. 
 
Figure 6.6: Trend of Compression Ratio in experimental study 
For the users P12, P8, and P5, the trend between 𝜅𝐹𝑇- 𝛼 and 𝜅𝐹𝑇-only is inverse. 
For the median and average trend, the amount of 𝜅𝐹𝑇 has been chosen very low as a 
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result of the subject’s response to the system, therefore in the velocity adaptive stage, 
the compression ratio has been compensated by this factor. This suggests that for the 
remaining participants who ran closer 𝜅𝐹𝑇  to the 𝜅𝐹𝑇𝑀, the trend is very similar to the 
average and median trend. 
The stages involving the pure dynamic threshold calculation (without a constant 
𝜅𝐹𝑇) by either the velocity or the acceleration signals was also investigated (stages 2 and 
3 respectively). The results have been compared with their extension to Weber’s law 
(𝜅𝐹𝑇) (stages 4 and 5 respectively) as shown in Figures 6.7 and 6.8. As the figures present, 
there is a more robust result obtained by combining these dynamic factors to the formal 
static dead-band threshold. This suggests that when the dynamic components are 
utilized alone, the system experiences uncertainty on the resulting compression ratio 
proportional to the coefficient. This is especially apparent in the small values of those 
coefficients. Any increase in coefficients may result in a lower compression ratio. 
Another outcome that can be understood from the figures is that the small values 
(e.g. 0.001) of the acceleration coefficient, when used alone, contribute much more to 
an increased compression ratio, compared to the range utilizing the velocity coefficient. 
While the compression ratio of more than 40% is obtained by only 𝛽=0.001, this result 
could not be obtained with 𝛼 < 0.18. 
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Following are summarized the results obtained by the experimental work 
discussed above: 
• For the force feedback, the amount of constant independent 𝜅𝐹𝑇 (i.e. 
static mode) higher than 𝜅𝐹𝑇𝑀=5.4% results in vibration or ripple felt by 
the subject in the stylus movement. Therefore, it can be fixed at 4.4% in 
all collaborative iterations.  
• Independent value estimation for velocity showed that the sensitivity of 
the dead-band coefficient to this factor is lowest among the other 
factors. Also, the amount of data reduction by choosing this factor solely, 
and setting the other coefficients to zero is not very considerable, 
especially in low values. The maximum value for 𝛼 in collaboration with 
𝜅𝐹𝑇𝑀=4.4% is 𝛼𝑀 =9.5% where the subject feels the smoothness. 
• However, the independent manipulation of 𝛽 demonstrated that the 
acceleration factor could independently reduce the data size by up to 
74% when it is chosen as  𝛽𝑀=2.1%. 
• All the coefficients shall be chosen in collaborative iterations less than 
their values in independent iterations, to increase the feeling of 
smoothness and transparency for the subject. In this research, the values 
of 𝜅𝐹𝑇𝑀=4.4%, 𝛼𝑀 =5.8%, and  𝛽𝑀=0.2% obtained resulted in a stable 
and transparent data reduction ratio of 72%. 
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• To preserve the stability and transparency, the same upper limits of the 
𝛼 and 𝛽, as estimated in section 4, have been also obtained by the 
experimental results and subjects’ feedback. 
6.2. Tele-operation 
Haptic tele-operation as described earlier is divided into two subsystems, i.e. 
impedance (master) and admittance (slave) device connected through a network 
channel. In the following sub-sections, two separate experiments are set up to find-out 
most appropriate prediction algorithm in both devices and to tune-up the PID controller 
of the admittance device, which has been discussed in chapter 5. Moreover, the packet 
transmission scheme complies with the Haptic Transmission Control Protocol (HTCP) 
designed in Chapter 3. Nevertheless, the dead-band analysis for different haptic signals 
are as described in Chapter 4 and tested earlier in this chapter. Therefore, the following 
workouts would be wrap-up experiments which cover all methodologies and techniques 
proposed in this thesis. 
6.2.1. Impedance Device 
The aim of this research is to compare the functionality as well as error measures 
of different smoothing algorithms and select the best one in this measure to be utilized 
as an extrapolation algorithm for prediction of lost or dropped force samples in haptic 
tele-operation. Since the measure of error is comparing predicted signals over the real 
ones, the participation of human subject is only required to repeat the experiment by 
different non-expert individuals, and hence the notion concluded by this research to be 
supported by more data. 
6.2.1.1. Apparatus 
The haptic interface device for impedance (master) side used in this research has 
been made in IISRI lab as shown in Figure 6-9. This device maintains one degree of 
freedom with force feedback. A motor, which is controlled by a micro-controller board, 
is equipped with an encoder of which value is used as the position signal. The device has 
been connected to a desktop PC with an Intel™ Core-i7 Pentium processor at 3.00 GHz 
clock and 8 GB of RAM Memory, via the USB 2.0 protocol. The sampling rate of the device 
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is 1000 Hz (1 KHz). The PC is master side has been connected to an Ethernet network of 
1GBps via a Cat6 cable. 
In the admittance (slave) side, a virtual model has been simulated by a computer, 
which has been connected to the network via an IEEE 802.11 (WiFi) connection. 
Therefore, it is assumed that at least one cable switch and one WiFi switch have been 
involved in the middle of the channel between the master and the slave. A Preliminary 
study in this research has measured that average RTT of UDP packet transmission 
between two stations as 6.5ms. 
Both software programs of master and slave sides in this research has been 
developed using Microsoft™ Visual Studio® (C++) version 2013 (Win32 C++ mode). The 
programs, as shown in Figure 6.9, is in command line style to reduce any time overhead 
implied by middleware frameworks. The major responsibility of the slave program 
includes representation of virtual models, while the master program is running the 
methodology discussed in section 5.2, managing the experiment sessions, and recording 
the measures for all participants. 
Figure 6.9: Experimental work setup for impedance device 
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6.2.1.2. Procedure 
The experimental work in this research has been divided into two parts. In the 
first part, a spiral spring of a constant 𝐾𝑠 is simulated. That means, as the subject turns 
the pulley handle connected to the motor in master station in left or right turns, they feel 
more proportional force back as they turn farther from the rest position at 0. 
In the second part of the study for each subject, a weight has been simulated by 
the remote device. In this part of the study, a weight of 100g is assumed to be hanged by 
a rope from the pulley connected to the motor. The rest position in this part is 10,000 in 
terms of encoder counts. As the subject turns left the pulley connected to the motor, the 
position decreases to 0, feeling a constant force of 1N. That simulates rising up the weight 
from the floor (position 10,000). As the position reaches to 0 (top), the strong amount of 
force (e.g. 20N in this study) is exerted back to the subject, simulating a hit of weight to 
the ceiling or pulley. This part of study will show how smooth do behave different 
algorithms in the hit position. 
In each experimental task, either spring or weight, the procedure of involving 
different algorithms is as follows: 
• HLS in 10 seconds 
• Median Filtering by M=5, 10, 15. 10 seconds each, a total of 30 seconds. 
• Single Smoothing by M=5, 10, 15. 10 seconds each, a total of 30 seconds. 
• Double Smoothing by M=5, 10, 15. 10 seconds each, a total of 30 
seconds. 
• SP-Line Smoothing by M=3 in 10 seconds. 
So, the total experimental work for each model represented by the server 
program is 110 seconds. 
6.2.1.3. Participants 
The experiment has been conducted by 10 participants aged in the range of 25-
72, including 4 females and 6 males. None of the participants where Haptics or Robotics 
experts. One subjects was left-handed while the rest were right-handed. Each person was 
asked to participate in a 10-minute experiment session. The session was divided into 
three major parts: a 5-minute presentation and training period and two two-minute 
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(110seconds) experiment period with spring and weight. Within the induction period, the 
participant was introduced by a brief discussion about how the technology works in 
general (not in detail) and what reaction may be expected by them. 
6.2.1.4. Results 
Figures 6.10 and 6.11 show the trend of force felt by subjects during spring and 
weight experiments respectively. It is clear from the image that SP-Line smoothing 
contribute the most compliant prediction in both study sets, while the single and double 
smoothing are performing in distance from the reality. 
Figure 6.10: Trend of force against position in Spring model 
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Figure 6.12 compares the investigated algorithms in terms of PSNR 
measurement. Moreover, it can be agreed again that SP-Line shows highest in this figure, 
while other smoothing algorithms contribute the minimum ones, even worse than simple 
HLS. Median filtering is in the 2nd place after SP-Line smoothing in both experimental 
tasks. 
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Figure 6.12: Comparing Algorithms in PSNR error metrics 
Figure 6.11: Trend of force against position in Weight model 
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After analysing the results, it can be concluded that, the images and chart are 
showing crucial information strongly supported by the facts and figures, having great 
impact on SP-Line smoothing and Median filtering as the extrapolation algorithm to be 
used in force prediction in haptic tele-operation. 
6.2.2. Admittance Device 
This research is mainly focused on the investigation of admittance device 
functionality. For this purpose, a combination of hardware and software technologies 
have been designed and implemented for the master (impedance) and the slave 
(admittance) stations. Since a wide range of end-effector speed is desired to investigate 
the timing and accuracy of tele-presence, and since no human feedback is expected in 
the admittance device, no subject is invited to this experiment. The impedance device, 
as aforementioned in the method section has been implemented as some virtual model 
representations. 
6.2.2.1. Apparatus 
The haptic interface device for admittance (master) side utilized in this research 
has been made in IISRI lab as shown in Figure 6.13. This device maintains one degree of 
freedom with the force feedback. A motor, which is controlled by a micro-controller 
board, is equipped with an encoder of which value is used as the position signal. The 
device has been connected to a desktop PC with an Intel™ Core-i7 Pentium processor at 
3.00 GHz clock and 8 GB of RAM Memory, via the USB 2.0 protocol. The sampling rate of 
the motor has been set but not limited to 1000 Hz (1 KHz). The PC in the slave 
(admittance) side has been connected to an Ethernet network of 1GBps via a Cat6 cable. 
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The external clock, used for the synchronization purpose in sampling engine for 
both stations and PID controller for admittance part, has been implemented using 
Microsoft™ Windows API call of QueryPerformanceCounter. This function call is 
supported by the clock of the CPU on which the software code is running. Thus its 
behavior may differ on different hardware platforms. This fact caused the 
synchronization of the experimental task to be a bothersome and device-specific job. 
Fortunately, as the underlying method is not sensitive to the phase of the clock, if it is 
implemented in an embedded controller module of the motor, this problem will be 
intrinsically resolved. 
In the impedance (master) side, a virtual model has been simulated by a 
computer, which has been connected to the network via an IEEE 802.11 (WiFi) 
connection. Therefore, it is assumed that at least one cable switch and one WiFi switch 
have been involved in the middle of the channel between the master and the slave.  
Both software programs of master and slave sides in this research has been 
developed using Microsoft™ Visual Studio® (C++) version 2013 (Win32 C++ mode). The 
programs, as shown in Figure 13, has been designed in simple console style to reduce any 
time overhead implied by the middleware frameworks such as Microsoft .Net. The major 
responsibilities of the master program include representation of virtual models and 
managing the experiment sessions, while the slave one is running the methodology 
Figure 6.13: Experimental setup for admittance device 
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discussed in section 3. Both programs are capable of recording the measured samples 
when instructed by the operator from the master device. 
6.2.2.2. Procedure 
Before commencing the experiment, the coefficients of the PID controller used 
in the heart of admittance device has been extracted through a primary experimental 
task in which the velocity of the motor has been set to a constant value. During the whole 
experiment including the preliminary part, no load has been applied to the motor except 
the weight of pulley connected to the shaft, which is negligible especially in a low pace. 
Firstly, the server (slave or admittance) device is set up, and then a client (master 
or impedance) device is started. In the beginning of the session, which is started by the 
master program, RTT setup procedure is run followed by the first virtual model of 
constant velocity. 
The operation of the master program can be selected by the key-strokes the 
underneath: 
• ‘u’: rising up the constant velocity in the first model by 5 mm/s  
• ‘d’: lowering down the constant velocity in the first model by 5 mm/s 
• ‘s’: toggling (start/stop) the second (sinusoidal) model. 
• ‘a’: start recording of the samples on both sides for 10 seconds. This task 
is initiated by the master and a proper message (event) is sent to the 
slave to start the same task simultaneously. 
• ‘q’: quit from the program. 
After setting up both the slave and the master sides, the tele-operation has been 
run with a sinusoidal model for one hour (3600 sec) before any recording, to show there 
is no drift in the time between two stations during such long period of time. After then, 
a recording has been instructed and the results collected as will be shown and discussed 
in the next section.  
6.2.2.3. Results 
Figure 6.14 depicts the resulted trajectory (6.14-2) and velocity (6.14-1) signals 
in the master and the slave devices.  The steps in the velocity samples in slave part have 
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caused by applying the perceptual analysis suggested by Weber’s law of 𝜅𝑣 = 10%. It 
can be seen from the image that in spite of sending a reduced number of velocity 
samples, applying this rule, the trajectory has been following compliantly to the master 
one by a reasonable delay of only 40ms. The majority of this delay has been injected into 
the system by the PID controller, which is implemented in the PC software module of 
admittance station. Therefore, residing this module to the embedded micro-controller 
will elaborate the computation speed and reduce the delay. 
 
Figure 6.14:Comparing Velocity (1) and Position (2) signals in master and slave devices 
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Compliance with position signals can be more approved by the PSNR 
measurement which has been obtained more than 58. After analyzing the position and 
velocity signal, it can be stated that this image is showing crucial information strongly 
supported by the facts and figures, having a great impact on event-driven sample 
transmission and the PID controller in admittance station. 
Figure 6.15 demonstrates the compliance of corresponding force signal recorded 
in the 10-second session of which the position and velocity signals have been studied 
before. Steps in the curve of this figure for the slave station caused by applying the 
perceptual analysis suggested by Weber’s law of 𝜅𝐹𝑇 = 10%. As discussed in the 
previous section, there is no load in the admittance in this research, thus the resulting 
small amount of force (which is increasing in larger velocities) is caused by the inertia of 
attached pulley. Another supporting fact conveyed by this figure is that the amount of 
delay between two signals is negligible. Therefore, comparing to the velocity and position 
signals in which a PID controller has been involved, it can be concluded that the major 
portion of the delay in kinesthetic signals has been caused by this module. 
Considering the compression ratio as another goal of this research, the number 
of packets sent from master to slave has been reduced from 10,000 to 588. This figure is 
311 for the force signal samples back to the master. These numbers lead to the data 
Figure 6.15: Comparing Force signals in slave and master devices 
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reduction ratio of 94% in master-to-slave direction, 97% in reverse, and 95.5% in whole 
tele-operation session. 
6.3. Conclusion and Remarks 
The results show that the mid-band-JNDv method has the lowest computational 
burden and maximum PSNR measurement in comparison with formal filters and 
smoothing algorithms. Moreover, in data-reduction ratio measurement, the proposed 
method sounds stronger than the former forward-JND approach inspired by Weber’s law, 
in both low-noise and highly-noised signals. According to the results, and the fact that 
the proposed method does not need offline window samples, it is suitable for both online 
and offline haptic data compression applications, while all the other methods presented 
in this study cause excess delay for window preparation, which destroys the transparency 
and smoothness in online tele-operation. 
The experimental study for the force dead-band has approved the outcomes of 
hypothesis. For instance, even in low values of acceleration coefficient of 0.2%, the effect 
on resulting compression ratio is more than the effect of the input velocity, when used 
to determine the dynamic dead-band threshold. This work has also considered the 
independent as well as the collaborative effect of three factors, i.e. constant JND, velocity 
coefficient and acceleration coefficient. 
In the research experiment for impedance device, a two-port online haptic tele-
presence system has been set up, and different prediction methods have been 
investigated through an experimental study with human participants. The results have 
shown that SP-line smoothing, even with a simple window size of 3 recent force samples, 
contributes the most compliant and least error generating algorithm among the other 
investigated smoothing methods. In the second place, median filtering demonstrates 
better results in terms of PSNR. 
Finally, the experimental work in admittance device has identified that a change 
in velocity is more important to be reported as a haptic data event rather than a position 
signal. This is especially the case when stability is taken into consideration. Although the 
key-update period could be selected to be larger than 1ms, this period has been chosen 
but not restricted at 500ms in the experimental session. The results have shown a 
reasonable compliance of source (master) and destination (slave) trajectory signal as the 
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PSNR is measured over 58. It has also shown that for force samples, where there was no 
PID controller involved, the delay between the two signals is negligible. Implementing 
the PID in an embedded module like FPGA, the injected delay of 40ms between motion 
signals can be further reduced. 
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Chapter 7 
7. Conclusion and Remarks 
Transmission of data between the participating devices in haptic applications 
was the main area on which this research has been focused. Since the huge size of data 
in offline rendering applications and varying delay of packet-switched networks in online 
tele-operations are the most alarming destructive factors in such experiences, an 
immersive solution for the reduction and compression of haptic data has been the main 
objective of this research. Therefore, a series of research work has been accomplished in 
this thesis throughout different stages of the haptic tele-presence system. 
Firstly, a survey has been carried out on the haptic interface devices, 
applications, major challenges and emerging trends. In this survey, the impact of reducing 
the size of data transmission on mitigating the challenges and obstacles facing haptic 
applications in upcoming trends has been declared. Moreover, the haptic data 
compression as a separate emerging trend of this area has been introduced. Eventually, 
this topic has been broken down into several stages in which the haptic signals are going 
to be reduced due to perceptual, prediction, and or entropy coding schemes. That means 
the rest of this research in the following chapters have been dedicated to the methods, 
algorithms, and techniques for each stage of the data flow in haptic data compression. 
In Chapter 3, a novel transmission control protocol for haptic application 
introduced which is called HTCP. HTCP includes all the frame-structure, functional 
specification and event-triggering scenarios required to specify a generic transport layer 
regarding ISO-OSI network model. At the outset, a quick background of network 
fundamentals regarding the constraints of collaborative, cooperative, and tele-operative 
haptic applications has been discussed. Consequently, some criteria have been identified 
for opting proper network layer and operating system on/in which such protocol should 
be implemented. Although the protocols proposed by the other researchers and 
reviewed in the literature have been implemented in either transport or application 
layer, the HTCP has been proposed to be performed mainly in the transport layer. As a 
result, some calling/caller entries for communication with upper (application) and lower 
(IP) layers have been declared. Nevertheless, the functional specification section contains 
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all the calling/caller entries with the application layer. Moreover, the stringently designed 
frame structure has been obeyed by the executive hearth of the HTCP called “controlling 
process”. This process, comprising several concurrent threads, is also responsible for 
managing the sending and receiving event queues, key-update NACKs, and calling 
application call-back functions. However, this protocol has been used further in the rest 
of experimental studies as a protocol for communication in haptic tele-operation. 
It has also been shown that applying a mid-band dead-band filter instead of 
traditional JND for velocity signal omits more unperceivable and undesired samples, 
therefore gains higher data compression ratio. On the other hand, the dependency of 
force dead-band threshold to the acceleration of operator’s hand has been introduced, 
proved, and investigated through a subjective experimental study with 19 participants. 
Moreover, it has been shown that such dependency on the velocity plays a minor role in 
force-JND, despite what had been suggested by the other researchers before. 
Furthermore, the hypothesis reached a boundary definition for the coefficient of 
acceleration in dynamic force dead-band calculation inversely related to the stiffness of 
contacting environment. That means, for a constant mass of end-effector, the number of 
reduced samples is more highly related to the acceleration of end-effector in contacting 
hard objects rather than softer ones. Consequently, the softer environment or a lower 
acceleration, the higher compression ratio is obtained. 
Although there are numerous prediction algorithms introduced by researchers 
for interpolation and extrapolation of lost and dropped samples, the most effective one 
has been shown in Chapter 5 and supported by experimental work in Chapter 6 to be SP-
Line smoothing with a very short window size of 3. This is due to the real-time nature of 
haptic tele-operation and the high sampling ratio comparing to the visual or audio 
streaming applications. That means, the delay constraint of one millisecond for force 
feedback to support transparency and stability implies the prediction algorithm to be run 
as fast as possible and with low window size. However, the possibility of running other 
algorithms like single- and double-smoothing in pipeline mode with even larger window 
size, which requires the storage of recent samples by the window size, has been 
supported by an appropriate transmission protocol (HTCP) in Chapter 3. 
The main contribution of proposed architecture in Chapter 5 for haptic tele-
operation over the reviewed literature has been to utilize the HTCP for event-based data 
transmission on the packet-switched loosely-coupled IP network. Furthermore, 
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customizing a PID controller for this application gained more stabilized and correlated 
trajectory in the admittance device comparing to the recent work.  
And last but not least, an application-specific synchronization method has been 
introduced, implemented and tested for the haptic teleoperation. It has been shown that 
it can maintain a highly synchronized session between two ports of haptic tele-operation 
with a maximum time-drift of less than 1 millisecond for mobile stations which is suitable 
for such applications. Although there are some traditional standard schemes like NTP, 
their resolutions are not guaranteed for less than few milliseconds in stationary stations 
neither even several ten milliseconds in mobile ones. However, they have been actually 
designed for time synchronization in the applications in which the time-drift is not as 
critical as it is (like jitters) in the haptic applications. 
7.1. Future works 
As a future step of this research, it could be mentioned the application of the 
proposed transmission protocol, data reduction methods, and session control schemes 
to the tactile applications, where the number of sensors and actuators are rather larger 
than haptic tele-operation. Moreover, since the sensitivity of human touch sensory 
system is higher for the lower amount of forces, which are common in tactile 
applications, the sampling rate is required to be increased. Hence, there are some rooms 
for improvement in synchronization schemes as well as transmission control, prediction 
algorithms, and even perceptual analysis. Furthermore, the outcomes of this research, of 
which some have been published in relevant events and journals, can contribute towards 
development of a standard protocol for haptic data reduction/transmission similar to the 
JPEG and MPEG standards for image and video/audio data compression.   
7.2. Other Emerging Trends 
To overcome the limitations and deal with challenges, there are some emerging 
trends studied in recent decades. The main topic of this research, i.e. haptic data 
compression, is actually one of the major emerging trends which are used to overcome 
bandwidth limitation and to improve transparency in haptic rendering or tele-presence 
sessions. Following are discussed some trends which are the major ones in haptics 
technology and most relevant to the research topic. They are sorted for discussion as less 
relevant to most of the research topic. 
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7.2.1. Haptic on a Chip 
Just revealed some research interest in the use of wireless sensor networks 
(WSN) in tactile sensing applications (e.g. gloves and clothes worn by human). As a major 
goal for such haptic applications one can be taken into account the increase of the 
workspace region and to omit external forces caused by connecting cables. For such 
applications, there is a need for tiny computational module that can play the role of 
transducer (and/or actuator) in an effective way within as small as one point of contact 
(less than a few millimetre squares) where there are significant number of contacts in a 
small area. For example a single glove contains 22 point of contact each of which sensing 
force and velocity. The module as described, should have the ability to collect data, 
compress it and send it to the adjacent, so the whole stream can be sent in a timely 
reasonable basis to the recording device. 
7.2.2. Haptic Collaboration 
There are many potential applications from game industry to the military where 
two or more users want to touch and/or manipulate the same object. Empowering 
multiuser environments with haptics technology consequently calls for high-rated 
position and force sampling for contact/collision detection and rapid update. Reasonably 
in multiuser environments, it should be taken into account that there might be a vast 
variety of haptic devices with which users interact with the system. Thus, one of the 
primary concerns would be interoperability between haptic devices, as described in 
challenges, to ensure appropriate collaboration of the heterogeneous devices with the 
virtual (or remote) environment and with the other devices. 
7.2.3. Haptic Playback 
For tutoring interactive lessons, traditional methods of training, such as lectures 
and books, are not effective enough. Haptic display devices can be used to provide “how-
to-perform” interactions within the training session with trainees. This method can be 
applied over the net and so increase the number of trainees per trainer in cloud e-
learning sessions. Haptic playback refers to the act of playing pre-recorded haptic 
sessions to the user (trainee) to convey the position (moving the end-effector) and force 
(exerting to the user’s fingertip) data. A most familiar example of haptic playback is in 
medical training where the trajectory of a surgeon’s hand is recorded and saved and later 
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on, would be “played back” by the trainee(s). How to program a haptic device to provide 
the same trajectory and exert the same (controlled) forces to train the trainee’s motor-
control skills, is the subject of study and research in this trend. 
7.2.4. Capture, Storage, and Retrieval of Haptic Data 
The huge size of data in some rendering applications, especially when 
accompanying video and audio information, requires optimal methods for the 
description, streaming, storage, and retrieval of data generated by haptic sensors. 
Captured data depending on the application may include 3D position, 3D orientation, 
their corresponding force and torque, and or multimedia (visual, audio, temperature, and 
text). An example of such applications is tele-surgery or surgery-training. In the lather, 
the surgeon’s hand or finger(s) movement can be captured when he/she is performing a 
novel surgery.  In play-back session (accompanying virtual reality) a novice student can 
retrace the professor’s path, with realistic touch sensation. Moreover, the correlation 
between the two exploratory paths as time series can be calculated and determined to 
what extent they are identical or different, which consequently would indicate a need for 
further training. Haptic data compression can involve intensely in this trend and reduce 
the amount of storage space needed as well as loading time for rendering sessions. Hence 
these two trends are usually defined in conjunction with each other. 
7.2.5. Haptics for Biometrics 
There is a long time that biometric systems are widely used for identification and 
authorization purpose. Users are introduced to the system based on their physiological 
(such as fingerprint, iris, etc.) and/or behavioural (such as step pattern, blink pattern, 
etc.) characteristics. The haptic technology also could have a significant potential to be 
used for authentication and identification applications/systems.  Generally, a haptic 
system measures the position and force data in a time series as the user performs a 
specific task, for example putting a key into the door-lock and turning it to open the door. 
Then, a haptic signature of the task done by the user can be defined as a physical pattern 
(in a fixed short length of e.g. 256 bytes long) that uniquely and universally identifies the 
user. The pattern is built based on or digested from (by a hashing algorithm) biometric 
features extracted from the haptic session data by proper feature-extracting algorithms 
and techniques. Although it seems very difficult to develop such highly accurate 
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recognition and identification based on haptic systems and there is no state-of-the-art 
proposal has been introduced yet, but it is a field worth researching. 
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